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FOREWORD 


This  report  presents  the  results  of  a  research  study  conducted  by  the 
Acoustics  Group,  Aero-Space  Division,  Boeing  Airplane  Company  under  Air  Force 
Contract  AF  33(6l6)-683li,  Project  No.  1370,  "Dynamic  Problems  in  Flight  Vehicles", 
Task  No.  13786,  "Methods  of  Noise  Prediction,  Control,  and  Measurement". 

Mr,  D.  L.  Smith  of  the  Dynamics  Branch,  Flight  Dynamics  Laboratory,  Aero-Mechanics 
Division,  Directorate  of  Advanced  Systems  Technology,  was  Test  Engineer,  Research 
covered  in  this  report  started  in  January  I96O  and  is  part  of  a  continuing  effort. 

The  research  work  was  conducted  under  the  supervision  of  Kenneth  J.  Young, 
Senior  Group  Engineer  of  the  Acoustics  Group,  Aero-Space  Division,  Boeing  Airplane 
Coii?)any,  The  Project  Leader  was  Walter  V.  Morgan.  The  analytical  basis  for 
scaling  acoustic  models,  as  presented  in  Section  II,  was  for  the  most  part  formu¬ 
lated  by  L,  C.  Sutherland,  Dyna-Soar  Acoustics  and  Vibration  Group.  Other  members 
of  the  Acoustics  Group  who  participated  in  the  research  include:  Jerry  Sugamele 
in  planning  and  performing  the  calculation  of  the  gas  flow  conditions  for  heated 
air  and  substitute  gas  testing,  Mario  P.  Peila  and  Marion  D.  Lockleer  in  providing 
acoustic  instrumentation  and  calibration,  Robert  H.  Jeffries  in  performing  the 
majority  of  the  experimental  work,  James  L.  Walker  in  conducting  the  model  rocket 
testing  and  in  assisting  with  data  presentations,  and  David  A.  Bateman  in  super¬ 
vising  design  and  fabrication  of  all  mechanical  test  apparatus. 
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ABSTRACT 


Analytical  and  experimental  studies  have  been  made  to  examine  the  feasibility 
of  using  acoustic  scale  models  for  near  field  noise  investigations.  Analyses 
show  that  the  important  characteristics  of  noJ.3e  generation,  propagation,  and 
measurement  can  be  scaled.  A  relatively  few  deviations  from  this  involve  small 
errors  which  are  generally  negligible  in  the  near  field.  The  most  straightforward 
model  is  seen  to  be  one  which  duplicates  the  gas  flow  parameters  of  the  full 
scale  engine.  The  validity  of  such  models  has  been  demonstrated  by  a  series  of 
tests  for  a  wide  variety  of  nozzle  exit  conditions,  from  turbo-jet  through  :rocket 
exhausts,  and  whether  in  a  free  field  or  in  the  presence  of  objects  which  interfere 
with  the  flow,  such  as  shaped  nozzles  and  flame  deflectors.  It  is  further  deter¬ 
mined  both  analytically  and  experimentally  that  models,  in  certain  cases,  may  be 
sinplified  without  impairing  the  results  of  a  scaled  test.  Considerations  in 
simplifying  a  model  include:  reduction  of  the  nozzle  sizej  absence  or  presence  of 
reflecting  surfaces;  use  of  fewer  than  the  full  scale  number  of  engines;  and  use 
of  a  substitute  gas  which  is  different  from  and  at  a  lower  temperatui’e  than  that 
in  the  full  scale  engine. 
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I.  INTRODUCTION 


"nie  noise  fields  associated  with  present  day  flight  vehicles,  and  with 
foreseeable  future  flight  vehicles,  are  primarily  generated  by  large,  expensive 
propulsion  devices.  Investigating  these  noise  fields  is  usually  costly  due  to 
the  complex  facilities  required  to  operate  the  engines  and  to  make  measurements 
of  the  noise  field.  Another  problem  results  from  the  fact  that  at  the  early  stage 
of  vehicle  design  an  engine  prototype  usually  is  not  available  for  several  years 
for  noise  tests.  For  noise  to  be  adequately  considered  at  the  early  stage  of 
vehicle  design,  an  alternate  means  of  studying  the  noise  fields  must  be  devised 
in  order  that  such  studies  can  be  performed  prior  to  protot3^e  operation.  The 
development  of  techniques  of  scaling  models  for  acoustic  purposes  appears  to  be 
the  logical  solution  to  the  above  problems. 

Among  the  advantages  of  using  scaled  models  in  place  of  full  scale  items 
are  lower  cost  of  experimental  facilities  and  test  operation,  lov:er  manpower 
requirements  in  conducting  a  noise  survey  and,  in  many  cases,  the  possibility  of 
using  simpli-fied  and  therefore  less  expensive  instrumentation.  The  use  of  models 
can  inprove  timing  by  making  it  possible  to  obtain  experimental  data  early  enough 
to  influence  vehicle  design.  Tliis  is  of  particular  value  in  the  near  field,  where 
other  means  of  adequately  defining  the  noise  field  are  usually  lacking. 

Scale  models  of  jet-type  engines  have  been  used  for  acoustic  studies  for 
several  years,  with  varying  degrees  of  success  and  acceptance.  The  acceptance  of 
models  for  studying  near  field  noise  has  not  been  comparable  to  that  accorded 
models  for  studying  far  field  noise,  partly  because  of  the  added  complications 
encountered  in  the  near  field.  A  considerable  amount  of  near  field  model  data 
are  reported  here  for  the  purpose  of  demonstrating  that  near  field  acoustic  models 
are  valid.  It  is  also  hoped  that  the  comprehensive  study  of  model  techniques  which 
is  reported  here  will  result  in  iirproved,  more  useful  acoustic  models  of  near  field 
noise.  It  is  the  specific  intent  of  this  study  to  establish  the  validity  of  using 
different  types  of  models  for  near  field  nbise  investigations  and  to  determine  the 
limitations  of  near  field  acoustic  models. 

The  technical  content  of  this  report  is  divided  into  several  sections. 

Section  H  presents  the  analytical  basis  for  major  aspects  of  jet  noise  modeling. 

A  description  is  made  of  the  fundamentals  involved  in  the  generation,  propagation, 
and  measurement  of  noise.  The  techniques  involved  in  properly  scaling  each  of 
these  elements  is  examined.  Sections  III  and  IV  present  the  instrumentation, 
facilities  and  procedures  which  have  been  used  in  a  variety  of  model  tests  involving 
near  field  noise.  Results  of  the  experimental  program  are  presented  in  Section  V, 
Coii?)arisons  are  made  between  the  measured  jet  and  rocket  noise  fields  of  scale 
models  with  their  full  scale  counterparts.  The  apparent  suitability  of  several 
possible  techniques  which  would  sin?)lify  the  use  of  models  are  considered,  Conclu- 
tions  regarding  the  overall  usefulness  of  acoustic  scale  models  for  studsring  near 
field  noise  are  summarized  in  Section  VI. 


Manuscript  released  by  the  authors  2li  April  1961  for  publication  as  a 
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II 


AN  ANALYTICAL  BASIS  PDR  MODELING 


Any  noise  probiem  is  necessiairily  concerned  with  the  source,  propagation,  and 
.measurement  ©f  the  ,no.ise.  In  tihis  section  each  of  these  three  fundamental  items 
Mill  be  iconsMered  in  turn.  It  is  intended  that  flhis  will  cover  the  ma^ijor  points 
which  must  be  considered  in  the  design  ©f  a  scale  model  jet  which  cam  be  satis¬ 
factorily  Tused  for  [studying  near  field  noise.. 

'The  analytical  approach  presented  here  will  be  'ib.ased  on  the  physical  model  of 
jet  noise  as  proposed  by  Liighthill.®  This  (considers  the  noise  field  to  be  due  to 
a  distribution  of  quadrupole  [sources  repre.senting  the  noise  generation  by  turbiulent 
flow  within  the  jet.  Proceeding  from  lllii's  point ,  an  .attempt  will  be  made  to  .define 
valid  scaling  laws  from  tihe  (equations  which  describe  the  physical  processes  of 
generation  and  propagation  of  Jet  noise..  The  first  part  of  this  section  considers 
the  scaling  concepts  of  noise  generation  toy  a  sinple  source,  application  of  these 
concepts  to  aerodynamic  noise  generation,  and  finally,  brief  consideration  of 
sources  of  noise  other  than  the  basic  turbulence  noise.  Succeedi'i^g  portions  of 
this  section  cover  the  scaling  laws  and  sources  of  scale  error  sqjplicable  to  prop¬ 
agation  and  measurenient  of  noise  froa  acoustic  imxlels* 


A,  Noise  Generation 


No  one  theory  has  been  generally  accepted  which  explains  all  of  the  experimen¬ 
tally  observed  characteristics  of  jet  noise.  Lighthill  himself  has  pointed  out 
the  paradox  of  trying  to  explain  the  precision  with  which  the  acoustic  power  of 
subsonic  jets  varies  with  the  eighth  power  of  velocity.  However,  there  seems  to  be 
little  doubt  that  his  theory  will  form  the  basis  upon  which  a  more  general  solution 
will  be  founded«”»9>^*^^^^^ The  similarity  of  aerodynamic ally  generated 
noise  fields  will  be  analyzed  by  considering  the  problem  as  separable  into  three 
elements:  (l)  similarity  of  noise  generation,  (2)  similarity  of  flow,  (3)  simi¬ 
larity  of  noise  propagation.  This  over-simplification  of  the  problem  of  aerodynamic 
noise  generation  is  used  solely  as  a  basis  for  studying  the  similarity  concepts 
from  the  point  of  view  of  the  acoustician  concerned  with  measurement  of  the  noise 
field.  For  this  reason,  the  first  step  will  be  to  consider  basic  similarity  rules 
for  acoustic  sources. 


1,  Acoustic  Sources 
Noise  Generation  by  Spherical  Sources 

The  simplest  type  of  noise  source  can  be  considered  as  a  stationary  pulsating 
sphere  whose  surface  fluctuates  radially  with  a  velocity,  uniform  over  the  surface, 

Ut  =  YT  U  Ci?s  oot  (l) 

where  U  is  the  rms  value  of  the  surface  velocity. 
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When  this  boundary  condition:  is  imposed  on  the  general  solution  to  the  spherical 
wave  equation,,  the  sound  pressure  radiated  by  this  siitple  harmonic  sourcel?  may 
be  shown'  to  be  as  follows ; 


where 


pi 

pi 

e 


YZpw  rK<t-i-j_ 

■ilir  T+(K4? 

instantaneous  sound  pressure  at  the  radius  r 
density  of  the  medium'  surrounding-  the  sphere 
angular  frequency  of  oscillation  =.  2.11, 


-  radius  of  sphere 


K"  =  distance  from  source  to  observation  point 


K 

« 

J 


wave  number  = 


The  strength  of  such  a  source  is  usually  identified  by  its  volume  rate  of  flow  at 
the  surface,  Qq  =  (ItTT a^  U  ).  However,  this  is  not  an  appropriate  parameter 
to  use  for  consideration  of  s imilarity  of  aerodynamic  noise  sources.  A  more  con¬ 
venient  form  of  the  above  equation  is  given  by  the  rms  value  of  tlie  real  part  as 


Kd. 


where  c  is  the  velocity  of  sound  in  the  medium  surrounding  the  sphere. 


The  specific  radiation  iirpedance  imposed  on  this  pulsating  sphere  is  defined 
by  the  ratio  of  the  pressure  to  velocity  at  the  surface  (r  =  a).  This  can  be 
shown  to  be^^ 


z 


(K^tf +j(Ka) 
I  (Ka,)2 


The  power  radiated  into  the  far  field  can  be  assumed  to  be  the  same  as  generated 
at  the  source,  which  is,  assuming  a  "constant  velocity"  source. 


ATici'^ 


However, 


the  rms  pressure  observed  in  the  far  field  may  be  given  by 


a  Kfi. 


idiich  accounts  for 


a  difference  that  may  exist  between  the  value  of 


at  the  source 
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and  the  value  Po  C„  in  the  far  field.  This  general  form  for  expressing  the  power 
output  and  radiated  pressure  will  be  retained  when  considering  other  moire  complicated 
sources.  Before  proceeding,  however,  the  significance  of  the  term  Krt,  needs  to 
be  considered.  When  expressed  in  the  form 


Kcl  = 


it  is  more  recognizable  as  a  non-dimensional  frequency,  where  d  is  taken  to  be  the 
diameter  of  the  source.  Based  on  normalization  of  a  large  quantity  of  jet  and 
rocket  noise  data,  it  has  been  shown  recentlyl^  that  the  peak  of  the  acoustic  power 
spectral  density  occurs  at  a  non-dimensional  frequency 

.  0^  ^  0, 25 


where 


-f  ~  frequency 

«  characteristic  diameter  of  flow 


Vd  •  characteristic  velocity  of  flow 
(x.  =  critical  velocity  of  sound  in  flow 


Cg  =  ambient  speed  of  sound. 


It  is  further  suggested  that  for  supersonic  jets  the  characteristic  velocity  of 
flow  in  the  region  where  the  majority  of  the  noise  is  generated  is  the  same  as 
the  critical  velocity  of  sound  at  this  point  (i.e.-the  jet  is  just  sonic  at  this 
point).  In  this  case,  then,  the  characteristic  frequency  becomes  sinply. 


Ifk.  0.25 


If  the  velocity  of  sound,  c,  used  in  equation  (5)  is,  in  fact,  identified  as  the 
ambient  velocity  of  sound  in  the  air  surrounding  a  jet,  then  a  typical  value  of  the 
parameter  Kci  should  be,  according  to  the  above, 

Kcl  -ni'  0.8 


The  point  of  this  exercise  is  to  examine  the  validity  of  the  assumption  that 
is  ordinarily  made  in  considering  the  noise  field  of  a  dipole  or  quadrupole  to  be 
definable  in  terms  of  a  combination  of  monopoles.  The  latter  type  of  noise  source 
is,  of  course,  a  special  case  of  the  spherical  source  where  the  size  is  assumed  to 
be  much  smaller  than  a  wave  length  so  that  the  wavelength  parameter,  KCL  is  very 
much  less  than  one  for  a  monopole  or  point  source.  Since  it  appears  that  in  prac¬ 
tice  Ka,  may  not  be  small  compared  with  one,  the  assumption  of  a  point  source  may 
not  be  entirely  accurate.  In  any  event,  it  is  clear  that  duplicating  this  para¬ 
meter  is  fundamental  to  the  scaling  of  acoustic  sources.  Equation  (5)  then  yields 
the  inportant  result  that  the  source  diameter  and  characteristic  frequency  have  an 
inverse  first  power  relationship. 
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Monopole  Source 


As  indicated 
called  a  monopole 
equations 


P 


above,  when  the  size  of  the  source  is  small  enough  the  source  is 
and  has  an  rms  pressure  field  and  power  output  described  by  the 


(DC  (Ka)^ 


- 


An  example  of  this  type  of  source  is  the  pulse  jet,  which  creates  noise  by  literally- 
pumping  gas  into  the  air. 


Dipole  Source 

The  dipole  source,  formed  when  two  monopole  sources  of  opposing  phase  are 
placed  a  differentially  small  distance  apart,  generates  a  noise  field  which  re¬ 
presents  the  noise  radiated  by  flow  of  air  over  an  obstacle  or  over  the  surface 
of  a  non-rigid  plate. 20  noise  radiated  by  turbulent  eddies  in  a  jet  passing 

through  a  shock  wave  also  exhibits  the  directional  characteristics  of  a  dipole 
noise  field.  The  physical  model  of  such  a  source  is  the  rigid  sphere  oscillating 
back  and  forth  along  a  line  through  its  center.  The  rms  pressure  radiated  by  this 
source  and  its  power  output  are  defined20,21  equations 


1 


where  (J  =  rms  velocity  of  the  oscillating  sphere. 

9  =  angle  relative  to,  ax3-S  l-  ‘  dipole. 

Lateral  Quadinipole 


The  combination  of  two  opposing  dipoles  (or  forces)  which  art.  ;Hcting  along 
lines  separated  by  a  small  amount  is  called  a  lateral  quadrupole  and  h-ic.  a  physi¬ 
cal  model  represented  by  a  stationary  sphere  whose  surface  is  deformed  intr  a 
spheroid,  first  along  one  axis,  and  then  along  a  second  orthogonal  axis.  This 
is  the  sin?)lest  type  of  source  which  can  be  used  to  represent  the  generation  of 
aerodynamic  .noise  where  no  mass  is  introduced  and  no  solid  boundaries  are  present. 
The  pressure  radiated  by  this  particular  combination  of  point  sources  is  proper- 
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where  $  is  the  angle  relative  to  the  quadrupole  axis. 

In  this  case  the  source  velocity,  U,  cannot  conveniently  be  identified  in 
the  same  way  as  for  the  dipole  or  monopole.  Thus  the  source  strength  must  be 
determined  by  dimensional  analysis  or  hy  experiment.  Another  type  of  quadrupole, 
the  longitudinal  quadrupole,  is  also  significant  in  defining  the  structure  of 
aerodynamic  noise,  but  as  it  differs  primarily  in  directivity,  it  will  not  be 
considered  here.  The  power  output  of  either  quadrupole  source  is  proportional  to 


Ibis  expression  will  become  more  recognizable  after  making  certain  simplifications. 
First  the  speed  of  sound  associated  with  the  region  near  the  source  is  taken  to  be 
the  ambient  speed  of  sound. 8  ibe  second  simplification  will  be  to  en^jloy  the  di¬ 
mensional  equivalence  that 


Kcl 


Cp 


That  is,  the  diameter  of  the  source,  as  measured  in  wavelengths,  is  dimensionally 
and  qualitatively  equivalent  to  the  ratio  of  the  typical  flow  velocity  to  the 
ambient  speed  of  sound  outside  the  flow.  Ibis  procedure  may  seem  more  acceptable 
when  stated  in  the  form 


characteristic  time  = 


Uf 


•'C  ‘-e 

Employing  the  above  considerations,  equation  (9)  can  now  be  written 

.Sir 


and  this  is  recognized  as  a  form  similar  to  the  Lighthill  equation.  The  source 
velocity,  U,  of  a  quadrupole  has  now  been  identified  as  being  equivalent  to  a 
local  stream  velocity  •  For  the  general  types  of  sound  sources  described 
above,  the  mean  square  sound  pressure  in  the  near  or  far  field  can  be  expressed  as 


which  is 


■  G,  (e)Gz(KO 

I 


411: 


WADD 


TR  61-178 


6 


where 


h 

P 

<T,  («) 
(izi.Kr) 


Of  2,  or  U  for  a  monopole,  dipole  or  quadrupole 
Solid  angle  of  radiation  (  Ultfor  free  space) 
Directivity  factor 
Near  field  factor. 


Summary  of  Acoustic  Similarity 


A  siii?)le  expression  is  now  available  which  suggests  the  basis  for  scaling 
aerodynamic  noise.  The  following  tentative  rules  can  then  be  chosen  for  obtaining 
comparable  sound  levels  for  jets,  at  scaled  frequencies. 

(1)  Fluctuating  pressures  within  the  flow,  signified  qualitatively  for  now 
by  the  term  o  ,  must  be  maintained  the  same. 

(2)  A  velocity  characteristic  of  the  source  must  be  maintained  the  same, 
relative  to  the  velocity  of  sound  in  the  ambient  atmosphere. 

(3)  Tbe  position  of  the  observation  point  must  be  maintained  at  the  same 
angle  and  radius  (in  sovirce  diameters)  from  the  source. 

(U)  The  overall  geometry  of  the  noise  source  and  nearby  reflecting  svtrfaces 
must  be  maintained. 


In  general,  scaling  the  geometry  is  readily  accon^jlished  in  any  model  experi¬ 
ment  to  any  reasonable  degree  of  accuracy  desired.  Less  certain,  however,  is  the 
amount  of  error  that  may  be  introduced  by  subtle  phanges  in  the  position  of 
reflecting  planes  or  obstacles  in  the  noise  field.  This  aspect  of  scaling  is  con¬ 
sidered  in  more  detail  later  in  this  section  along  with  other  problems  involved 
with  the  propagation  of  the  noise  field.  A  far  more  difficult  problem  in  scaling 
jet  noise  fields  is  associated  with  the  first  two  rules  indicated  above,  duplica¬ 
ting  flow  parameters  on  a  scale  model.  It  may  even  be  desirable  to  scale  (rather 
than  duplicate)  flow  parameters  such  as  temperature  and  pressure,  further  com¬ 
plicating  the  problem. 


2.  Noise  Generation  by  Jet  Turbulence 

The  theory  of  jet  noise  generation,  as  developed  by  Idghthill,  considers  the 
turbulent  flow  of  a  jet  as  acoustically  equivalent  to  a  distribution  of  quadrupole 
noise  sources  which  have  an  effective  strength  per  unit  volume  which  is  of  the 
order  of  ,  where  p  is  a  tyi)ical  jet  density  and  IL  is  the  rms  value  of  a 

typical  fluctuating  velocity. 

The  similarity  of  aerodynamic  noise  generation  by  a  jet  will  therefore  be  a 
function  of  the  jet  density,  intensity  of  the  fluctuating  velocity  (turbulence), 
and  the  distribution  of  turbulence  within  the  jet.  There  are  three  additional 
effects  which  influence  the  intensity  and  directivity  of  the  noise  generation: 
convection  of  the  sources,  shear  in  the  mixing  region,  and  refraction  of  the  noise 
at  the  boundaries  of  the  jet.®»9  The  effects  of  shear  can  be  expected  to  exhibit 
similarity  due  to  the  strong  similarity  of  velocity  profiles  of  all  turbulent 
jets 25  so  that  the  magnitude  of  the  local  velocity,  Uq,  should  provide  an 
indication  of  the  shear  effect.  The  effect  of  convection  and  refraction  at  the 
moving  boundary  of  the  jet  should  be  governed  by  the  Mach  number  of  the  flow  and 
the  ratio  of  the  velocity  of  sound  in  the  flow  to  the  velocity  of  sound  in  the 
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andbient  atmosphere, 9  Thus  the  necessary  and  sufficient  variables  which  should 
define  the  basic  aerodynamic  noise  generation  would  be 


eu 


z 
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The  normalized  intensity  of  turbulence, 
increasing  Mach  number. 


,  has  been  shown  to  decrease  with 


This  simplified  consideration  of  the  flow  similarity  suggests,  therefore, 
that  the  noise  generation  should  depend  primarily  on  the  flow  parameters 


If  it  is  assumed  that  the  sources  will  be  quadrupoles,  which  have  a  directivity 
modified  by  the  effects  of  convection,  shear,  and  refraction,  a  general  expression 
for  the  noise  field  of  the  jet  is  obtained  by  modifying  equation  (lO)  to: 

-X  ^  .  — ■>  r-  -  T  2 


Pr,6  ^ 


Uc 
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4iT 


>iL(3 
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Until  the  form  of  this  expression  had  been  verified  experimentally,  there  was  very 
little  basis  for  assuming  that  additional  variables  were  not  required.  However, 
evidencel6j27  that  has  been  obtained  on  jets  ranging  in  size  from  small  cold  air 
jets,  less  than  an  inch  in  diameter,  to  large  rocket  engines  strongly  supports  the 
form  of  equation  (ll).  It  must  be  pointed  out  that  agreement  is  obtained  between 
theoretical  predictions  and  observed  values  of  the  noise  power  generated  by  rockets 
only  when  the  gross  differences  in  the  flow  structure  of  rockets,  as  compared  to 
siitple  jets,  are  taken  into  account. 

The  discussion,  up  to  now,  has  considered  an  isolated  quadrupole  noise  source 
of  only  one  frequency.  For  similarity  to  be  maintained  for  the  noise  field  of  the 
entire  jet,  it  will  be  assumed  that  it  is  necessary  and  sufficient  to  require  that 
a  typical  linear  dimension  of  the  flow  be  proportional  to  a  characteristic  nozzle 
diameter,  provided  that  the  flow  parameters  of  the  jet  are  duplicated.  This 
assumption  also  implies  that  the  resultant  noise  field  of  all  the  sources  in  the 
jet  can  be  predicted  if  only  one  so-called  ''source"  at  some  typical  frequency 
(e.  g.  -  the  frequency  of  highest  spectriun  level)  is  defined.  It  follows  then,  that 
the  frequency  spectrum  of  the  noise  from  jets  of  varying  diameter  but  constant  flow 
characteristics  would  have  to  be  similar.  Such  a  similarity  is  indeed  observed, 
so  that  the  typical  dimension  of  an  individual  noise  source  can  now  be  considered  as 
equivalent  to  a  characteristic  diameter,  dc  of  the  jet  nozzle. TVo  exceptions  to 
this  rule  will  be  (a)  the  physical  diameter  of  a  rocket  engine  nozzle  cannot  be  used 
for  a  characteristic  diameter  if  the  engine  is  operating  over  or  under  expanded,  and 
(b)  the  physical  diameter  of  a  very  small  scale  model  jet  may  not  represent  the 
characteristic  diameter  due  to  the  finite  boundary  layer  at  the  exit.  This  latter 
problem  is  evaluated  later  in  this  section. 
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3.  Scaling  of  Turbulent  Flow 


Similarity  Parameters 

From  the  arguments  presented  above,  a  suitable  non-dimensional  form  for  the 
noise  field  of  a  jet  is 


c< 


4 

tei] 

4 

r4-rr| 

r  *  -1 
0.C 

[ejj 

Jy 

_ 1 

1 - 

1 _ 

r 

where  the  subscript  j  represents  typical  values  at  the  center  of  the  noise  pro¬ 
ducing  region  of  the  jet  and  the  subscript  o  refers  to  ambient  conditions. 

Inspection  of  equation  (12)  reveals  that  maintaining  full  scale  values  of  jet 
Mach  nmber,  velocity,  and  density  in  a  scaled  model  will  result  in  the  same  magni¬ 
tude  of  acoustic  pressures  at  appropriately  scaled  observation  points.  It  remains 
to  be  seen  whether  equation  (12)  can  be  used  as  a  basis  for  using  flow  parameter 
values  in  the  model  whi.ch  are  different  from  the  full  scale  values,  in  addition  to 
changing  the  physical  size  of  the  nozzle  in  the  model. it  is  emphasized  that  the 
assuii?)tion  that  a  tsrpical  jet  flow  dimension  must  be  proportional  to  a  characteristic 
jet  diameter,  as  the  model  diameter  is  changed,  is  tenable  only  if  the  values  of 
the  basic  parameters  (Mach  number,  density,  etc.)  are  maintained.  This  is  one  of 
the  key  points  in  establishing  the  validity  of  an  acoustic  model  jet. 

TWo  significant  experimental  findings  will  be  cited  to  further  clarify  the 
position  taken.  Studies  of  turbulence  for  cold  subsonic  jets  have  shown  that  at 
a  given  position  in  the  mixing  region,  the  scale  of  turbulence,  L,  is  nearly  inde¬ 
pendent  of  Reynolds  number  (for  a  given  nozzle  diameter,  d),  but  directly  propor¬ 
tional  to  the  axial  distance,  X,  along  the  jet.^^  Thus,  at  an  axial  position  X, 
the  scale  of  turbulence,  L,  will  be 

—  1  should  be  linear  with  • 

d  /  d 

Measurements  of  the  flow  boundary  of  a  variety  of  heated  air  jets  and  small 
solid  propellant  rockets  have  shown  that  the  width  of  the  jet,  W,  in  the  subsonic 
mixing  region  could  be  defined^5  tjy 


which  is  very  nearly  the  linear  relationship  required.  The  constant  of  proportion¬ 
ality,  however,  was  dependent  on  Mach  nunfcer  of  the  jet. 

From  these  same  tests  it  was  also  established  that  the  axial  position  of  the 
subsonic  flow  region,  where  the  majority  of  the  noise  is  generated,  was  a  predicts 
able  function  of  the  exit  Mach  nurQber.^®»^5  Thus,  in  general,  the  criterion  for 
flow  similarity  appears  to  be  approximately  true. 


where  the  function  pj 
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In  summary,  it  is;  readily  apparent  that  a  thorough  knowledge  of  the  mechanism 
of  noise  generation  by  jets,  is  the.  ultimate  approach  to  making  a  scale  model  of  the 
noise  source.  The  fact  is;  that  we  cannot  define  all  the  characteristics  of  the 
noise  field  in  terms  of'  the  known  or  measured  parameters  of  the  jet  exhaust.  Exhaust 
gas  parameters;  such  as  viscosity,  ratio  of  specific  heats,  tenperature ,  velocity, 
density,  diameter,  internal  energy,  Mach  number,  etc.,,  no<  doubt  all  influence  the 
noise  produced  by  the  exhaust  gas..  If  the  effect  of  each  exhaust  parameter  were 
known.,  it  would  be  very  straightfbrward  to  use  a  jet  with  almost  any  parameters  as 
a  model  of  some  other'  jet.  Employment  of  such  techniques  in  a  conpletely  general 
manner  is  not  possible  at  the  present  time. 

From  the  preceding  analysis  it  has  been  concluded  that  for  all  source  mechanisms 
the  density,  velocity,  and  Mach  number  terms  are  the  most  significant.  Although 
other  parameters  may  be  important  to  the  fine  details  of  the  noise  field,  it  is 
hypothesized  that  models  which  duplicate  density,  velocity,  and  Mach  number  will 
have  considerable  usefulness  in  the  study  of  near  field  noise.  Note  that  this 
results  in  models  operating  on  the  basis  of  constant  efficiency  (ratio  of  acoustic 
energy  to  kinetic  energy)  relative  to  the  full  scale  counterpart,  since  kinetic 
energy  is  proportional  to  density  times  the  third  power  of  velocity.  This  is  not 
to  say  that  all  jet  noise  sources  have  the  same  efficiency  of  noise  generation,  but 
rather  that  sources  which  differ  only  in  diameter  have  the  same  efficiency.  A  small 
deviation  from  this,  which  applies  to  very  small  nozzles,  is  discussed  later. 

Having  decided  to  consider  only  the  gas  flow  parameters  density,  velocity,  and 
Mach  number,  the  question  remains  as  to  where  each  parameter  should  be  evaluated. 

Any  one  of  these  has  a  wide  range  of  values  at  different  locations  within  a  given 
exhaust  flow.  For  example,  the  velocity  at  the  point  of  origin  of  a  particular 
octave,  band  of  sound,  assuming  it  could  be  localized,  is  possibly  more  important 
to  the  generation  of  that  frequency  than  is  the  value  of  velocity  at  any  other 
point  within  the  exhaust.  However,  in  general,  if  two  similar  jets  have  the  same 
velocity  at  some  characteristic  location,  then  the  velocities  at  all  scaled  loca¬ 
tions  within  the  flow  must  be  similar.  To  choose  a  velocity  which  is  easily  defined 
for  any  jet  would  appear  to  be  logical.  The  fully  expanded  nozzle  exit  velocity  is 
the-velocity  which  will  be  chosen  for  consideration  in  all  jets.  Similarly  the 
density  and  Mach  number  to  be  considered  will  be  those  present  at  the  nozzle  exit 
of  any  particular  jet. 

Providing  Necessary  Parameters 

It  is  appropriate  at  this  point  to  consider  the  practical  matter  of  producing 
a  desired  set  of  nozzle  exit  conditions.  Two  general  means  of  accoit^jlishing  this 
will  be  described. 

First,  if  the  model  uses  the  same  gases  as  the  full  scale  jet,  it  is  necessary 
only  to  provide  the  same  plenum  temperature  and  pressure  in  the  model  as  are  present 
in  the  full  scale  jet  in  order  to  automatically  provide  proper  values  of  all  fully 
expanded  exit  conditions.  If  the  model  gases  are  similar  to  but  not  identical  to 
the  full  scale  gases,  then  small  adjustments  can  be  made  in  the  pleniom  temperature 
and  pressure  which  will  result  in  almost  the  exact  exit  conditions  desired.  An 
example  of  this  is  the  use  of  different  fuels,  model  to  full  scale,  where  both  fuels 
are  hydrocarbons. 
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If  other  means  of  providing  these  exit  conditions  can  be  found  which  appear 
to  be  preferable  on  the  basis  of  involving  siitpler  procedures,  they  should  be  con¬ 
sidered.  The  use  of  less  expensive  facilities  or  lower  gas  ten^Jeratures,  for 
example,  would  simplify  model  testing.  A  general  means  of  providing  the  desired 
exit  conditions  by  using  a  gas  other  than  that  used  full  scale  (a  "substitute”  gas) 
will  be  discussed  here. 

'Itenpelmeyer3h  describes  an  analytical  method  for  doing  this.  The  use  of  an 
ambient  temperature  gaseous  mixture,  specified  by  the  simultaneous  solution  of 
three  mixture  equations,  which  has  macroscopic  properties  and  flow  parameters  simi¬ 
lar  to  those  of  a  hot  jet  engine  is  suggested.  Solutions  could  not  be  obtained 
for  simulation  of  afterburning  engines  or  rockets  by  this  method  on  the  basis  of 
the  initial  analysis.  No  experimental  verification  was  attempted  by  Tempelmeyer. 

The  explosive  or  toxic  nature  of  all  gas  combinations  for  which  solutions  were 
found  in  Reference  3U  is  perhaps  less  restrictive  for  use  in  aerodynamic  measure¬ 
ments  in  a  wind  tunnel  (the  purpose  of  the  reference  study)  than  for  making 
acoustic  model  jets.  However,  it  should  be  noted  that  at  present  only  the  exhaust 
parameters  density,  velocity,  and  Mach  number  are  considered  significant,  and  a 
reasonable  mathematical  correction  can  probably  be  made  if  density  or  velocity 
differ  by  not  more  than  perhaps  10  or  20  per  cent  from  the  desired  values  for 
these  parameters. 

A  study  of  Tempelmeyer '  s  work  reveals  that  if  the  ratio  of  specific  heats  of 
the  model  and  full  scale  gases  are  the  same,  virtually  all  other  requirements  are 
met  by  setting  the  product  of  gas  constant  and  absolute  temperature  equal  to  the 
full  scale  product.  The  observation  was  then  made  that  steam  (a  gas  not  considered 
by  Tempelmeyer,  apparently  because  of  its  higher  temperature)  has  almost  the  iden¬ 
tical  ratio  of  specific  heats  as  a  turbojet  exhaust.  Steam  is  of  course  subject 
to  the  criticism  that  it  is  really  a  stream  of  water  particles  which  will  not  mix 
with  surrounding  air  in  a  realistic  fashion.  However,  this  particular  objection  is 
removed  by  using  superheated  steam.  Since  the  gas  constant  for  superheated  steam 
is  about  1.6  times  that  of  a  turbojet  exhaust,  the  absolute  temperature  required  by 
the  steam  is  about  5/8  of  the  turbojet  absolute  temperature.  With  sxii table  small 
adjustments  in  pressure,  the  steam  then  does  closely  match  all  of  the  important 
characteristics  of  a  turbojet  exhaust  and  still  superheated  even  at  the  fully 
expanded  tenperature ,  All  other  individual  gases  with  a  ratio  of  specific  heats 
in  the  proper  range  have  either  a  serious  handling  problem  or  a  gas  constant  lower 
than  that  of  a  full  scale  jet  exhaust,  thereby  requiring  operation  at  temperatures 
higher  than  used  for  air  and  defeating  the  main  purpose  of  simplifying  the  model. 

One  more  approximation  to  Tempelmeyer 's  more  rigorous  approach  seemed 
appropriate.  If  it  is  assumed  that  it  is  not  too  difficult  to  mathematically  cor¬ 
rect  the  measured  values  of  the  noise  field  when  erroneous  values  of  density  are 
used,  a  gas  with  the  incorrect  ratio  of  specific  heats  can  duplicate  exit  velocity 
and  Mach  number  at  a  low  plenum  temperature  provided  that  it  has  a  high  acoustic 
velocity.  Of  the  few  gases  with  this  latter  property,  helium  is  the  safest  and  most 
easily -handled  gas.  Far  field  data  from  earlier  experiments  with  an  unheated  helium 
jet  and  a  cold  air  jet^^  also  encouraged  the  use  of  helium.  In  some  respects  its 
usage  for  this  purpose  is  very  restrictive.  For  exanple,  if  exhausted  at  a  typical 
turbojet  Mach  number  and  ambient  temperature,  its  exit  velocity  is  considerably 
higher  than  that  of  a  full  scale  jet.  However,  depending  upon  the  Mach  number 
eii?)loyed  by  the  particular  engine,  a  helium  jet  at  ambient  tenperature  can  duplicate 
the  Mach  number  and  exit  velocity  of  an  afterburning  turbojet  engine  or  a  rocket 
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engine  fairly  well.  A  small  degree  of  ten?)erature  control  on  the  helium  flow  would 
iuprove  the  flexibility  of  its  use  considerably,  even  permitting  its  use  to  simulate 
a  military  turbojet  condition  if  the  helium  flow  is  cooled.  It  is  unlikely  that 
this  latter  application  will  ever  be  considered  practical.  For  helium  simulation 
of  an  afterburning  engine,  the  first  power  density  correction  required  will  probably 
not  be  greater  than  3  db.  For  simulation  of  a  rocket,  this  same  correction  will 
tend  to  be  larger,  perhaps  approaching  10  db  in  some  cases. 

In  practice  a  great  majority  of  the  practical  model  tests  will  utili.ze  a  gas 
identical  to  full  scale. 

Limitation  on  Minimum  Nozzle  Size 

TVro  basic  items  must  be  considered  in  making  scale  models  very  small.  These 
are  the  discharge  coefficient  and  whether  the  flow  is  laminar  or  turbulent. 

Figure  1  shows  discharge  coefficient  (actual  mass  flow  divided  by  ideal  mass 
flow)  as  a  function  of  Reynolds  number  (based  on  throat  diameter)  as  theoretically 
derived  in  Reference  35  for  a  particular  nozzle.  The  nozzle  chosen  has  fundamental 

geometric  characteristics  which  do 
not  differ  greatly  from  most  noz¬ 
zles  in  use.  Other  experimental 
and  theoretical  investigations 
referred  to  by  Reference  35  grouped 
quite  well  arotmd  Figure  1  with  a 
scatter  of  ±  1^  or  less  over  most 
of  the  usual  Reynolds  numbers.  For 
a  model  en^loying  the  full  scale 
gas  at  full  scale  temperature  and 
pressure,  the  Reynolds  number  is 
directly  proportional  to  nozzle 
diameter.  Since  typical  full  scale 
Reynolds  numbers  are  of  the  order 
of  a  million,  reducing  the  nozzle 
diameter  by  a  factor  as  large  as 
one  hundred  will  still  usually 
allow  a  discharge  coefficient 
greater  than  0.90.  Since  a  coef¬ 
ficient  less  than  1,0  is  equivalent  to  a  reduced  effective  nozzle  area,  this  may 
be  compensated  for  by  making  the  model  throat  area  oversize  by  the  percentage  its 
discharge  coefficient  falls  below  its  full  scale  counterpart.  In  the  case  of  co¬ 
efficients  above  0.90,  the  failure  to  correct  for  area  would  theoretically  cause 
an  error  of  less  than  l/2  db. 

At  Reynolds  numbers  between  2000  and  3000,  flow  through  a  nozzle  throat  changes 
from  laminar  to  turbulent.  To  preserve  similarity,  all  models  should  fall  in  the 
same  Reynolds  regime  (laminar  or  turbulent)  as  their  full  scale  co\mterparts,  and 
therefore  all  acoustic  model  Jets  should  have  Reynolds  numbers  greater  than  3000. 
Referring  to  Figure  1,  it  is  apparent  that  specifying  that  Reynolds  numbers  shall 
be  greater  than  3000  also  results  in  nozzle  area  corrections  not  greater  than 
1/2  db. 


Figure  1,  Discharge  coefficient  as  a  function 
of  Reynolds  number  for  a  typical  nozzle. 
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Accuracy  of  Plow  Measurements 


Inaccuracies  in  construction  or  operation  of  a  model  will  result  in  errors. 

The  effect  of  these  inaccuracies  can  be  estimated  easily  by  assuming  that  any  errors 
must  have  an  effect  on  the  total  radiated  power  of  leas  than  l/2  db.  Since  power 
is  proportional  to  the  sqpare  of  the  nozzle  diameter,  a  6^  diameter  inaccuracy  would 
be  required  to  produce  the  l/2  db  error. 

The  other  major  error  possibility  which  will  be  considered  is  that  due  to  the 
model  operating  at  some  velocity  other  than  that  intended,  which  in  turn  is  a  re¬ 
sult  of  inaccurate,  temperature  or  pressure  instrumentation.  If  radiated  power  is 
assumed  proportional  to  the  eighth  power  of  velocity,  a  1  l/2^  error  in  jet  velocity 
would  change  the  radiated  power  l/2  db.  The  velocity  is  proportional  to  the  square 
root  of  absolute  temperature,  so  a  5^  error  in  absolute  temperature  would  produce 
the  1/2  db  error.  In  the  case  of  a  military  turbojet,  this  would  require  a  4  l/2^ 
error  in  the  gauge  temperature  determination.  Jet  velocity  is  dependent  upon  total 
pressure  in  a  somewhat  more  complicated  manner  than  for  temperature,  but  evaluating 
this  dependence  for  a  typical  military  jet  shows  that  a  ^  error  in  gauge  pressure 
determination  would  produce  sufficient  error  in  the  jet  velocity  to  change  the 
radiated  power  by  I/2  db.  For  afterburning  jets,  and  especially  rockets,  these 
values  will  be  somewhat  different.  When  the  velocity  exponent  is  less  than  eight, 
the  effect  of  a  small  velocity  error  is  even  less  important.  The  accuracy  with 
which  temperature  or  pressure  can  be  measured  is  better  than  the  values  given  above, 
so  it  may  be  concluded,  in  general,  that  any  errors  in  a  carefully  built  and  oper¬ 
ated  model  due  to  inaccurate  construction  or  operation  will  probably  produce  no  more 
than  about  l/2  db  error  in  the  total  radiated  power. 

4.  Scaling  of  Other  Noise  Sources 

Other  potential  sources  of  aerodynamic  noise  which  must  be  considered  are 
shock-turbulence  noise  and  combustion  noise. 

Shock-turbulence  Noise 


Early  studies  of  supersonic  jets  demonstrated  the  importance  of  noise  created 
by  the  interaction  of  convected  turbulence  and  quasi-stationary  shock  waves  in  the 
flow. 18  The  predominant  characteristic  of  this  noise  is  the  presence  of  an 
intense  high  frequency  noise  source  which  has  the  directional  characteristics  simi¬ 
lar  to  a  dipole  noise  field  and  has  a  characteristic  frequency  and  intensity  pre¬ 
dicted  by  the  following  relationships^5»23 


’  p.’'  g-CVp.) 
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flow  velocity 
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characteristic  frequency  of  shock-turbulence  noise 
chamber  pressure 
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Pc  - 
p"  - 

Pc  ■ 

•'/d  - 


critical  chaoiber  pressure 

mean  square  pressure  in  noise  field 

ambient  static  pressure 

undefined  function  of  the  nozzle  pressure  ratio 
distance  to  field  point  in  nozzle  diameters 


The  equations  above  appear  to  indicate  that  the  intensity  and  frequency  of 
this  noise  could  be  studied  on  a  scale  model  which  duplicated  the  exit  Mach  number 
and  ensuing  shock  structure  in  the  flow.  However,  there  is  some  question  as  to 
the  significance  of  this  noise  source  for  high  temperature  supersonic  jets.  Noise 
from  supersonic  rockets  appears  to  correlate  more  readily  with  some  modified  form 
of  the  Lighthill  equation  without  any  consideration  of  the  shock-turbulence 
noise.^5»l6  indication  of  the  effect  of  temperature  in  decreasing  the  apparent 

effect  of  this  noise,  a  brief  test  was  made  on  a  convergent-divergent  nozzle  over 
a  range  of  pressure  ratios  to  explore  the  discrete  frequency  noise  as  a  function  of 
exit  Mach  number  and  temperature,  A  typical  result  from  this  pilot  study  is  shown 
in  Figure  2,  For  the  hot  jet,  wide  band  turbulence  noise  predominates.  Where  the 
overall  sound  level  of  the  cold  jet  deviates  from  the  trend  in  sound  level  versus 
Mach  number  shown  for  the  hot  jet,  a  discrete  frequency  dominates  the  si>ectrum. 
Similar  results  have  been  observed  for  other  model  tests. 


Figure  2.  Illustration  of  cold 
jet  shock-turbulence  noise. 


Combustion  Noise 

Another  potential  source  of  noise  which 
must  be  considered  in  the  development  of  an 
acoustic  model  jet  is  that  due  to  an  insta¬ 
bility  or  fluctuation  in  the  combustion 
process.  While  this  phenomenon  is  usually 
confined  within  the  combustion  cheunber,  it 
can  influence  the  external  sound  field  in  a 
very  significant  manner.  In  one  well  docu¬ 
mented  case,  the  instability  took  place  in 
the  flame  outside  the  nozzle  and  generated 
very  intense  pressures  in  the  near  field, 5 
In  general,  the  engine  manufacturer  tries  to 
eliminate  the  instability  phenomenon  since  it 
can  easily  cause  catastrophic  failure  of  the 
engine.  However,  since  it  may  be  necessary 
to  attempt  to  scale  this  acoustic  source  or, 
what  is  more  likely,  avoid  its  occurrence  in 
a  scale  model,  a  very  brief  review  of  the 
scaling  concepts  of  the  jdienomenon  is  given. 

It  must  be  emphasized  that  a  far  more  detailed 
analysis  would  be  required  if  this  complex 
phenomenon  represented  the  major  noise  source 
which  one  wished  to  study  on  a  model  scale. 


Low  Frequency  Fluctuations . —The  most 

severe  combustion  instability  occurs  on  full  scale  liquid  rocket  engines  at  low 
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frequencies  (i.e. -below  100  cps)  and  may  generate  fluctuating  pressures  within  the 
combustion  chamber  of  5  to  of  the  stagnation  pressure.^  The  mech?giism  of  this 
low  frequency  resonance  maybe  epqplained  as  follows:  Fuel  introduced  into  the 
combustion  chamber  delays  its  ignition  until  it  has  absorbed  sufficient  energy  to 
support  combustion.  When  this  ignition  delay  time,  ‘y"  ,  is  of  the  same  order  as 
the  so-called  residence  time,  tj.  ,  of  the  combustion  gases  within  the  chamber,  then 
unstable  combustion  can  occur  if  the  reaction  processes  are  properly  phased  in  time. 
Each  of  these  characteristic  times  is  dependent  on  certain  parameters  of  the  liquid 
rocket  engine  so  that  a  czriterion  for  instability  may  be  expressed  qualitatively 
as  follows: 


T 


t 


r 


where 

r  = 


= 


Thus,  the  ignition  delay  is  primarily  a  function  of  the  engine  design  and  fuel, 
and  is  not  strongly  dependent  on  scale,  per  se,  while  the  residence  time  is  directly 
proportional  to  the  scale  of  the  engine.  Therefore,  it  is  not  possible  to  main¬ 
tain  the  same  relationship  between  these  characteristic  time  delays  for  various 
scale  factors  by  using  any  simple  linear  scaling  law,  En^irical  methods  would  be 
required  to  adjust  the  ignition  delay  time  if  it  were  necessary  to  achieve  or  to 
avoid  a  combustion  instability.  The  frequency  of  oscillation  will  be  inversely 
proportional  to  the  tiras  delay,  tr  .  When  it  does  occur,  this  phenomenon  is  char¬ 
acterized  by  fluctuations  in  the  fuel  feed  system,  pressure  and  temperature  fluc¬ 
tuations  throughout  the  combustion  changer,  and  propellant  flow-rate  variations. 

Due  to  the  last  mentioned  aspect,  one  would  expect  the  noise  field  to  have  the 
directional  characteristics  and  efficiency  of  a  monopole  sound  source.  A  pulse  jet 
is  a  good  example  of  an  engine  with  a  controlled  instability  of  this  type  and  it 
does  indeed  exhibit  the  characteristics  of,  a  monopole  noise  source,®  For  model 
tests  en5)loying  heated  air  jets,  a  muffler  should  be  used  in  the  line  between  the 
burner  and  exit  to  prevent  any  of  this  low  frequency  burner  noise  from  appearing 
in  the  radiated  noise  field. 

High  Frequency  Resonance. — A  more  common  form  of  combustion  noise  observed  on 
afterburning  turbojets  and  liquid  and  solid  propellant  rockets  occurs  at  acoustic 
resonant  frequencies  of  the  combustion  chamber.  Standing  waves  in  the  combustion 
chairiber  can  have  a  reinforcing  action  on  the  combustion  process  when  they  are 
properly  located  and  phased  with  respect  to  the  latter, ^^7  While  these  resonant 
oscillations  are  contained  within  the  combustion  chamber,  they  can  develop  very 
high  sound  levels  outside  the  combustion  chamber  by  noise  transmission  through  the 
walls,  noise  radiation  out  the  nozzle  exit,  or  by  actual  modulation  of  the  overall 
flow. 


Pressure  drop  across  fuel  injection  head. 
Combustion  chamber  pressure. 

Fuel  composition  and  mixture  ratio 


Chamber  Volume 
Throat  Area 


Characteristic  Velocity 


C* 


Like  the  low  frequency  phenomenon,  a  delay  time  associated  with  the  burning 
process  must  coincide  with  a  characteristic  time  of  an  acoustic  resonant  mode 
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within  the  chamber  in  order  for  the  combustion  oscillation  to  exist.  Thus,  a 
criterion  for  such  an  occurrence  can  be  expressed  as: 


T 


where  T”  is  similar  to  the  characteristic  burning  time  defined  above,  and  t^  is 
the  period  of  the  nth  acoustic  mode  which  has  a  frequency  fjj.  Experimentally,  it 
has  been  foundU  that  when 


Chamber  Length/Diameter  =  l/D  >  U 

then  ^1~  0,36  C* 

L 


and  when 


L/D  <  li 

fi~  0.59  C-». 

D 


It  is  clear  that  proper  scaling  of  the  combustion  chamber  geometry  is  funda¬ 
mental  to  scaling  of  this  phenomenon.  In  addition  to  the  obvious  effect  on 
frequency,  it  is  also  reported  that  for  the  short  engines,  L/D  <  U,  the  amplitude 
of  the  oscillation  is  less  than  for  the  longer  engines  and  is  nearly  always 
sinusoidal. 

The  ability  to  develop  a  scale  model  which  duplicates  a  resonance  of  this 
type  for  a  full  scale  engine  has  not  been  established.  As  with  the  low  frequency 
instability,  the  characteristic  burning  time  is  more  a  function  of  engine  design 
and  fuel  composition  than  of  scale  alone.  It  should  be  pointed  out,  however,  that 
the  resonant  frequency  relationships  given  above  have  been  observed  over  a  range 
of  diameters  of  about  2  to  30  inches. 

In  summary,  the  minimum  requirements  which  would  probably  have  to  be  met  by 
a  scale  model  which  could  simulate  a  combustion  instability  would  be  (l)  exact 
geometrical  scaling  of  combustion  chamber,  (2)  duplication  of  fuel  composition 
and  mixture  ratio,  and  (3)  duplication  of  combustion  chamber  conditions. 

Although  there  does  not  appear  to  be  any  guarantee  that  these  conditions  are 
sufficient  to  insure  that  a  valid  model  can  be  constructed,  consideration  of  them 
should  enable  a  model  to  be  constructed  which  does  not  produce  the  high  frequency 
resonance.  This  latter  consideration  will  generally  be  the  more  inportant  to  the 
model  designer. 


B.  Noise  Radiation  and  Propagation 


1,  Identification  of  Near  and  Far  Field 
The  noise  field  of  an  extended  aerodynamic  noise  source,  such  as  a  jet,  can  be 
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broken  down  into  three  regions: 


(Region  of  pseudo-sound) 

(Region  within  finite  size  effects) 

(Region  where  source  appears  concentrated 
at  a  point) 

In  the  previous  sub-section,  the  expressions  for  the  pressure  in  the  field  of 
a  dipole  or  quadrupole  sound  source  contained  terms  involving  powers  of  the  dis¬ 
tance  parameter.  It.  When  Kr  is  no  longer  large  compared  to  one,  the  pressure 
field  no  longer  acts  like  that  of  a  monopole.  Reactive  components  then  appear 
which  exceed  the  inverse  square  law  pressure  field  of  the  equivalent  monopole  soxirce 
that  exhibits  the  same  level  in  the  far  field.  To  illustrate  this  effect,  the 
combined  inverse  square  law  and  near  field  terms,  given  by 

^2.  ('<•") 

have  been  plotted  on  a  relative  scale  in  Figure  3  for  all  four  types  of  sources 
considered  earlier.  It  is  clear  that  the  near  field  effect  for  an  isolated  source 

is  not  significant  until  one 
approaches  within  l/2  wave¬ 
length  of  the  source.  This 
region  is,  in  effect,  the 
near-near  field  mentioned 
earlier,  for  the  non-linear 
increase  in  pressure  as  one 
approaches  the  source  can 
be  considered  equivalent  to 
the  hydrodynamic  pressure 
field  (or  region  of  pseudo¬ 
sound)  generated  by  the  tur¬ 
bulent  flow. 20  It  has^  In 
fact,  been  shown  that  the 
mean  square  pressure  in  this 
region  falls  off  inversely 
as  the  6th  power  of  the  dis¬ 
tance  from  the  source,  which 
is  precisely  the  result  pre- 
r  /  A  DISTANCE  FROM  SOURCE/WAVE  LENGTH  dlctcd  by  the  expresslou  for 

the  near  field  of  a  quadrupole. 

Figiire  3.  Relative  near  field  sound  pressure  levels  The  important  point  is  that 
of  multi-pole  sources  compared  to  monopole  source.  this  near  field  should  be 

duplicated  by  a  scale  model, 

providing  the  flow  parameters  are  equivalent.  n  ^as  been  observed  that  the  exit 
velocity  profile  and  temperature  of  the  jet  have  a  very  important  effect  on  this 
hydrodynamic  pressure  field,  unlike  the  radiated  field  for  a  jet. ^5 


a*  Near-near  field 

b.  Near  field 

c.  Far  field 
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Scaling  of  Radiated  Field 


Hie  so-called  near  field  of  a  jet  may  be  described  as  the  area  outside  the 
hydrodynamic  pressure  field  (i.e,  beyond  1  to  2  source  dimensions)  and  inside  of 
the  region  where  the  radiated  pressure  wave  is  essentially  planar  and  in  phase  with 
the  particle  velocity.  In  other  words  in  this  area,  sound  at  any  given  frequency 
may  be  arriving  at  a  receiver  from  many  different  sources  which  are  spaced  along 
the  jet  so  that  the  effective  direction  of  the  sound  field  is  not  readily  defined. 
The  mean  square  pressure  in  the  near  field  may  be  considered  as  the  summation  of 
an  array  of  N  "sources"  of  the  same  frequency  as  given  by: 


KJ  M 


2  2 


r  p.j  e-{6j)i 

fp.k 

L  Rj  J 

Rk  _ 

where 


Mean  square  pressure  in  field 


rms  pressures  from  the  j  th  and  k  th  source 


(^(0j),Gr(0k)= 


Function  of  phase  angle  of  j  th  and  k  th  source 


Rk 


Radii  to  respective  sources  from  a  point  in  the  field. 


Space  correlation  measurements  made  in  this  area  will  not  necessarily  indicate 
sonic  speed  of  propagation  of  the  pressure  disturbance.  Again  it  can  be  said  that 
this  inportant  area  of  the  jet  noise  field  will  scale,  provided  that  the  relative 
position  and  intensity  of  the  distributed  noise  sources  are  retained  in  terms  of 
wavelengths .  It  is  this  one  fundamental  requirement  for  similarity  in  the  near 
field  which  may  be  the  most  difficult  to  achieve  if  the  flow  is  to  be  changed  in 
Mach  number,  density,  etc. 

The  extent  of  this  near  field  region  cannot  be  defined  exactly,  but  it  probably 
extends  to  a  radius  equal  to  twice  the  distance  between  the  nozzle  and  the  source 
of  a  particular  frequency,26  The  outer  region,  or  far  field,  presents  no  new 
problems  W3.th  a  scale  model,  and,  as  is  the  case  with  all  regions  closer  to  the 
source,  the  pressure  should  be  the  same  at  scaled  positions  for  jets  with  the  same 
flow  characteristics. 


Since  the  direction  of  wave  propagation  is  known  in  the  far  field,  provided 
there  are  no  reflecting  obstacles  nearby,  the  space  correlation  between  two  points 
can  be  predicted  from  the  following  relationship. 30 
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where 


^fc 

fc 

T 


Ar 


=  bandwidth  of  noise 
=  geometric  center  frequency-  of  band 
=  time  delay  of  sound  wavs  between  points 

/ 1  \  A  r*  cos  0 

■  Ifc)  A. 

=  separation  between  points 
=  wave  length  of 

=  angle  between  sound  ray  and  line  joining  points 


This  expression  is  plotted  in  Figure  4  for  a  narrow  band  (e.g.-sine  wave)  and  for 
one-third  and  full  octave  bsinds  of  noise. 


2.  Scaling  of  Absorption  Losses 


The  statement  made  above  to  the  effect  that  there  are  no  problems  associated 
with  scaling  in  the  fair  field  must  now  be  qualified  to  accoimt  for  possible  scale 
errors  due  to  atmospheric  absorption  of  the  sound. 


Acoustic  model  studies 
may  involve  measurements  of 
frequencies  up  to  100  kilo¬ 
cycles,  At  this  frequency, 
propagation  losses  due  to 

(1)  molecular  absorption  and 

(2)  viscosity  and  heat  con¬ 
duction  can  amount  to  1 
db/foot.  Since  total  power 
level  determinations  required 
for  comprehensive  model 
studies  are  ordinarily  com¬ 
puted  from  sound  pressure 
level  measurements  made  at 
distances  of  the  order  of 
10  feet  or  more  from  the 
source,  an  error  of  10  db 
can  be  present  in  the  com¬ 
puted  power  data  at  100 
kilocycles.  The  important 

Figure  4.  Auto-correlation  coefficient  of  bands  question,  however,  is  whether 
of  white  noise.  this  represents  a  source  of 

error  in  model  versus  i\ill 


scale  comparisons.  The  following  shows  that,  this  is  a  significant  error,  auid  results 
are  presented  which  nay  be  used  to  correct  model  data  for  absorption  losses. 
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For  illustration  of  the  absorption  effects,  the  mean  square  pressure  in  the 
far  field  of  a  sinple  source  may  be  expressed  as 

-.z3A  Cr-a.) 


Pr^  =  P/  (f) 


where 


P» 

y 


~  reference  pressure  at  radius  a 
=  distance  to  the  observation  point 
=  absorption  loss  in  decibels/unit  distance. 


If  measurements  are  made  in  the  far  field  of  two  sources  (l  and  2)  which  have 
the  same  reference  pressures  at  their  respective  radii  a^  and  a2,  the  ratio  of  the 
mean  square  pressures  will  be 

In  general,  the  absorption  loss  per  unit  distance  will  be  a  function  of  fre¬ 
quency,  or 


A  =  A(0 


Furthermore,  if  the  two  soiarces  are  related  in  size  by  a  scale  factor  F  <.  1,  and 
the  observations  are  made  at  scaled  positions  (i.e.  the  same  value  of  T/a),  then 
the  ratio  of  mean  square  pressures  becomes 


-.23CT-^.) 


1- 


A  c” 
ACf) 


This  ratio  will  be  1  only  when  the  term  in  brackets  is  zero.  This  occurs  only 
when  the  absorption  loss  is  directly  proportional  to  frequency.  Unfortunately, 
the  theoretical  and  observed  values  of  absorption  show  absorption  loss  is  more 
nearly  proportional  to  the  square  of  frequency.  Thus,  an  inherent  scale  error 
will  occur  which  can  be  more  conveniently 'expres sed  in  a  decibel  form  per  unit 
full  scale  distance  as 


E  -  -(l-^)A('f,') 


I- 


di 


%. 


In  the  far  field, ^  <<  I  ,  and  since  for  the  scale  model  f  j.  =  fj/F,  the  scale 
error  in  decibels  per  xmit  full  scale  distance  is; 

i_  ^  pi 

/  r  \  * 


E  -  A(t,) 


(It) 


The  data  in  Reference  36  have  been  used  to  establish  the  absorption  loss  A  (f  )> 
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which  may  be  expressed  in  the  form 

A  ff)  =  Ki  ^Ajy^pl  -f  A^UssJ 


Ki  is  an  empirical  correction  term  to  account  for  the  difference  between  observed 
and  theoretical  absorption,A  Mol  is  the  theoretical  molecular  absorption  which  de¬ 
pends  on  moisture  content  of  the  air,  and  A  class  is  the  theoretical  classical 
absorption.  This  expression  is  shown  in  Figure  5  for  typical  conditions. 


To  illustrate  the  sig¬ 
nificance  of  this  scale 
effect,  the  value  of  A 
shown  in  Figure  5  has  been 
used  in  equation  (l6)  to 
define  the  scale  error  for 
several  scale  factors.  The 
results  are  plotted  in 
Figure  6. 

As  an  example,  if  power 
level  measurements  are  made 
on  a  l/lO  scale  model  at 
a  distance  corresponding  to 
200  feet,  full  scale,  the 
model  data  would  be  in  error 
by  12  db  at  the  frequency 
corresponding  to  the  center 
of  the  equivalent  full  scale 
1|800-9600  cps  octave  band. 
However,  a  near  field  meas¬ 
urement  at  an  equivalent 
full  scale  distance  of  50 
feet  would  be  in  error  by 


FREQUENCY  IN  CPS  only  1.8  db. 

Figure  5«  Air  absorption  loss  under  typical 

atmospheric  conditions.  Under  these  conditions, 

the  scale  error  due  to  ab¬ 
sorption  losses  will  not  be  significant  for  most  near  field  measurements  at  fre¬ 
quencies  below  about  3000  cps,  full  scale.  Power  level  measurements  for  models, 
however-,  may  require  significant  corrections  for  frequencies  above  about  800  cps, 
depending  on  the  scale  factor. 


In  addition  to  the  losses  due  to  molecular  and  classical  absorption,  the 
effects  of  wind  and  turbulence  must  also  be  considered.  In  general,  model  studies 
should  not  be  conducted  under  conditions  involving  appreciable  wind  or  turbulence 
scattering.  Measurements  in  the  far  field  under  such  conditions  are  generally 
unreliable. 


3»  Scaling  of  Finite  Amplitude  Losses 

The  non-linear  damping  of  intense  sound  waves  is  not  ordinarily  considered  in 
the  analysis  of  jet  noise  fields.  However,  to  determine  if  a  source  of  scale  error 
exists,  it  is  necessary  to  consider  the  phenomenon. 27  The  predicted  attenuation  for 
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33*6  of  Reference  27,  can  be  stated  as 

.  00+6  f  X' 

Attenuation  in  db 

Initial  peak  anplitude  of  pressure  wave 
Aimospheric  pressure 
Frequency,  cps 
Path  Length  -  ft. 

This  is  re-plotted  in  Figure  7,  showing  that  for  plans  sound  waves  the  non¬ 
linear  losses  would  generally  exceed  other  forms  of  losses  for  initial  levels 
greater  than  about  135  db.  For  spherical  waves,  a  graphical  estimate  was  made  of 
the  losses  expected  at  1000  cps  and  10,000  cps  when  the  level  at  1  foot  from  a 
point  source  is  170  db.  This  is  compared  in  Figure  8  with  the  losses  at  the  same 
frequencies  for  a  plane  wave.  It  is  apparent  that  the  effects  are  different  for 
spherical  and  plane  waves,  in  addition  to  being  frequency  dependent.  Because  the 
loss  is  directly  proportional  to  frequency  times  distance,  or  distance  divided  by 
wavelength,  the  loss  for  a  model  should  be  exactly  the  same  as  for  full  scale. 


plane  waves,  plotted  in  Figure 

A'  = 

A'  = 

Rt  = 
P.  .= 

f  = 

X  = 


Figure  6.  Scale  error  due  to  absorption  losses 
in  air. 


The  significance  of  the 
shock  losses  as  compared  to  the 
molecular  losses  for  a  full 
scale  and  l/lOth  scale  model 
sound  source,  initally  at  170  db, 
are  shewn  in  Figure  9»  The 
pattern  that  is  apparent  is  that 
the  fixed  shock  wave  losses  are 
overcome  by  the  molecular  ab¬ 
sorption  losses  at  about  100  to 
200  feet.  The  other  effect  of 
the  propagation  of  finite  ampli¬ 
tude  waves,  as  shown  in  Refer¬ 
ence  28,  is  to  generate  differ¬ 
ence  frequencies  when  more  than 
one  frequency  is  involved.  This 
phenomenon  has  not  been  explored 
because  it  is  believed  to  be 
relatively  uninfjortant. 

U.  Multiple  Noise  So\irces 

If  two  or  more  independent 
noise  sources  are  present,  the 
rms  sound  pressure  obseirved  at 
some  point  win  be  the  square 
root  of  the  sum  of  the  squares 
of  the  pressures  propagated  from 
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SOUND  PRESSURE  LEVEL  JH  DB  RE  0.  0002  MICROBAR  ATTENUATION  -  DB/FT 


each  source.  When  these  noise 
sources  are  jet  engines  the  same 
mathematical  con^jutation  can  he 
made,  except  when  the  geometry  is 
such  that  the  noise  from  one  engine 
must  pass  through  the  exhaust  of 
another  to  reach  the  observation 
point.  In  this  case  the  nejirer 
exhaust  acts  as  a  partial  barrier, 
so  that  the  pressure  at  the  obser¬ 
vation  point  is  largely  determined 
by  the  near  jet  only.  Definition 
of  a  limiting  path  of  propagation 
which  is  not  affected  by  the  inter¬ 
vening  jet  could  probably  be  accom¬ 
plished  empirically,  but  for  the 
present  purpose  it  is  sufficient  to 
consider  only  the  situations  which 
are  clearly  not  affected  by  an 
intervening  jet.  The  problem  is 
then  resolved  to  a  question  of  model 
siiqplification,  i.  e. — ^can  an  ade¬ 
quate  study  of  the  noise  from  two 
or  more  engines  be  made  by  (l)  meas¬ 
uring  around  only  one  engine,  (2) 
transposing  this  sound  field  suc¬ 
cessively  to  other  engines,  and  (3) 
then  mathematically  summing  the 
fields? 

If  parallel  jets  are  so 
close  together  as  to  mix  a 
short  distance  downstream  of 
the  nozzle  exit,  as  in  clus¬ 
tered  rocket  nozzles,  then 
they  are  not  independent  jets 
and  clearly  should  all  be 
present  when  the  sound  field 
is  measured. 

To  sum  the  noise  field 
for  two  separate  jets,  the 
noise  field  of  the  engine 
which  has  been  measured  is 
transposed  to  the  position 
of  the  second  engine,  and 
the  resultant  sound  levels 
summed  at  all  points.  The 
corrected  sound  level  in 
such  a  case  is  never  greater 
Figure  8.  Estimated  attenuation  of  finite  aiqplitude  than  3  db  higher  than  the 
plane  and  spherical  sound  waves.  level  which  could  exist  for 

either  engine  operating  alone. 


EQUIVALENT  FULL  SCALE  DISTANCE  FROM  SOURCE  -  FEET 


100  120  MO  160  180  200 


INITIAL  SOUND  PRESSURE  LEVEL  IN  DB  RE  0.0002  MICROBAR 

Figure  ?•  Attenuation  rate  of  finite 
airrolitude  plane  sound  waves. 
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Figure  9.  Coii?)arison  of  effects  of  estimated  finite 
amplitude  losses  and  molecular  absorption  losses. 


and  on  this  basis  the  pro¬ 
cedure  seems  acceptable. 

At  certain  spacings, 
two  parallel  jets  will  mix 
at  some  downstream  distance 
such  that  the  high  frequency- 
sources  will  be  completely 
separa-ted,  but  the  low  fre¬ 
quency  sources  of  the  two 
jets  will  be  mixed.  In  this 
case  it  is  expected  that  the 
low  frequency  noise  field 
produced  by  -the  pair  of  jets 
will  not  be  the  sum  of  the 
noise  fields  produced  by  each 
jet,  but  that  the  summation 
should  still  hold  for  the 
high  frequencies.  Experi-' 
mental  verification  of  these 
effects  would  be  difficult 
because  the  difference  between 
the  noise  produced  by  two 
separate  jets  and  "two  mixed 


jets  is  probably  very  small  throughout  most  of  the  frequency  range, 

5.  Partially  Bounded  Noise  Field 


Effect  of  Plane  Surface 

Effect  on  Total  Radiated  Power. --It  is  not  possible  to  conduct  model  studies 
of  jet  noise  fields  without  a  reflecting  surface  somewhere  in  the  field.  Whether 
the  reflecting  plane  is  placed  there  intentionally  or  not,  its  significance  for 
model  studies  must  be  recognized.  The  first  effect  to  consider  is  the  potential 
influence  on  the  sound  power  output  of  a  source  placed  close  to  a  reflecting  surface. 
The  change  in  sound  power  output  of  a  raonopole  and  longitudinal  quadrupole,  oriented 
vertically  to  the  ground, is  shown  in  Figure  10.  The  effect  for  an  octave 
band  noise  source  has  been  estimated  from  the  theory  in  Reference  29>  and  it  is 
seen  that  for  separation  of  the  plane  by  l/2  wavelength  or  more  from  the  sound 
source,  very  little  effect  is  obseirved.  Note  that  the  intensity  in  the  far  field 
is  still  increased  by  an  additional  3  db  due  -to  the  smaller  total  radiating  area. 
Since  the  increase  in  power  output  scales  with  the  height  in  wavelengths,  it  can 
be  di5)licated  on  a  linear  scale  model.  As  an  estimate  of  the  effect  of  a  reflecting 
plane  on  the  octave  band  power  spectrum  for  a  rocket,  the  da-ta  in  Figure  10  were 
applied  to  the  typical  power  spectrum  for  a  supersonic  jet^®  by  using  the  relation 

'2h  _  7h  -fd 

k  d  ’  c. 

The  results  are  plot-ted  in  Figure  11. 

Effect  on  Sound  Pressure  Level. — Of  more  general  interest  than  changes  in 
radiated  power  is  the  direct  effect  that  a  rigid  reflecting  plane  has  on  the  sound 


2h 
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Figure  10.  Effect  of  rigid  reflecting  plane  on 
acoustic  power  output  of  monopole  and  quadrupole 


field  observed  nearby.  A 
thorough  analysis  of  the 
problem  of  ground  reflections 
of  noise  has  been  reported 
in  Reference  30.  Expanding 
on  the  basic  approach  out¬ 
lined  by  this  reference, 
the  problem  has  been  ana¬ 
lyzed  to  provide  detailed 
curves  of  the  change  in 
sound  level  expected  over  a 
wide  range  of  frequencies, 
expressed  in  tenns  of  wave¬ 
lengths,  for  various  sepa¬ 
rations  of  the  source  and 
receiver.  Consider  the 
diagram  of  the  problem  as 
shown  in  Figure  12  (upper 
left).  The  ratio  of  the 
mean  square  pressure  at  the 
receiver  with  and  without  a 
ground  plane  is 


sources. 


STROUHAL  NUMBER  -  (<I/C„ 


Figure  11,  Estimated  effect  of  ground 
plane  on  octave  band  pjower  ^vels  of 
a  horizontal  jet. 


rms  value  of  the  combined  direct 
and  reflected  signal 


rms  value  of  the  direct  signal 
rms  value  of  the  reflected  signal. 
1  indicates  instantaneous  value 


Thus,  the  problem  reduces  to  finding 
the  ratio  of  amplitudes  of  the  direct  and 
reflected  signals  and  the  cross-correlation 
coefficient  between  the  two  signals.  The 
latter  has  already  been  discussed  in  an 
earlier  paragraph.  The  time  delay  between 
the  direct  and  reflected  signals  is  given 
by 
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and  the  ratio  of  their  an5)li“tudes  by 


Thus,  a  general  expression  for  the  effect  of  a  reflecting  plane  on  bands  of 
noise  is  given  by 


Coefficient  of  reflection  at  the  surface 

Bandwidth  of  noise 

Center  frequency  of  filter  band 

Height  of  source  above  ground 

r  2  Separation  of  source  and  receiver 

For  Q  =  1,  values  of  the  correction  factor  have  been  determined  in  decibel 
form  for  octave  bands  of  noise  for; 

a«  0  =  0*  (Source  and  receiver  in  same  plane,  parallel  to  ground) 

b.  6  =  90®  (Source  and  receiver  in  a  line  perpendicular  to  ground) 

c.  0  :  30*  (So\irce  and  receiver  on  a  line  at  30®  to  ground). 

The  results  are  plotted  in  Figure  12,  The  predicted  effects  are  based  on 
the  assumption  of  a  white  noise  spectrum  uniform  over  the  pass  band  and  zero 
outside  the  pass  band.  The  practical  octave  band  filter  will  not  discriminate 
noise  bands  to  this  extent  so  that  measurements  cannot  be  expected  to  show  the 
detailed  oscillations  in  the  correction  beyond  the  first  null.  The  general  trend 
of  the  curves  is  to  show  an  increase  in  level  approaching  2-6  db  at  low  frequen¬ 
cies,  a  null  at  ("ZK  r  1  for  0=0**  or  ih  <v  n  for 0=^0^  and  an  increase  of  0  to 

VX.  \  ^  ’ 

3  db  at  high  frequencies.  Note  that  for  a  microphone  mounted  flush  on  a  surface,  h 
approaches  zero,  so  the  increase  in  level  at  a  surface  may  be  considered  a  limiting 
case. 

Effect  of  Obstacles 

Reflection  of  the  radiated  jet  noise  by  finite-sized  obstacles  can  be  a  very 
annoying  source  of  error  encountered  in  model  studies.  No  attempt  will  be  made  to 
consider  the  details  of  reflection  from  a  variety  of  shapes.  The  problem  is 


a  = 
- 

fc  = 

h  = 
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reduced  instead  to  defining  the  limits  on  the  size  of  a  spherical  and  a  cylindrical 
obstacle  placed  in  the  sound  field  if  the  sound  levels  measured  near  the  obstacle 
ate  not  to  be  affected  by  more  than  a  limiting  amount.  If  the  obstacle  lies  beyond 
the  microphone  on  an  extension  of  the  line  joining  the  microphone  and  the  sound 
source,  the  following  criteria  in  Table  I  can  be  defined. 31 


TABLE  I 

The  Effect  of  an  Obstacle. 


Obstacle 

Size  of  Obstacle  in 

Units 

i^db  <  0.5 

Adh  <  1.0 

Max  A  db 

1 

C 0.038 

<  0.06Ii 

6.0 

1-0 

Sphere 

h 

^  0.093 

<  o.ili5 

1.3 

'Va.>  0.25 

10 

— 

— 

0.5 

>  0.25 

1 

<  0.038 

<  0.0l;7 

6.0 

■Va.  >  .li 

Cylinder , 

h 

<  0.025 

<  0.038 

50 

<  0.058 

— 

1.0 

'  '^%>.12 

200 

— 

— 

IrQ  =  radius  of  obstaclej  r  =  radius  from  center  of  obstacle  to  observation  point; 
kdb  =  change  in  sound  level  due  to  obstacle;  X®  wavelength  of  sinusoidal  signal. 


6,  Jet  Interference 


Partial  Interference 

The  discussion  of  the  radiated  noise  field  has  assumed  up  to  now  that  the  jet 
exhaust  was  free  and  unhindered  by  any  solid  boundaries.  To  extend  the  similarity 
laws  for  acoustic  model  jets  to  include  the  case  of  jet  iinjingeraent  on  some  ob¬ 
structing  surface,  consider  a  jet  iii?)inging  at  some  arbitrary  angle  on  a  deflector 
vane.  While  no  attempt  is  made  to  predict  quantitatively  the  effects  of  jet  inter¬ 
ference  on  the  sound  source,  a  rough  qualitative  estimate  can  be  made  and  the 
relative  significance  of  the  geometry  and  flow  parameters  defined. 

An  idealized  concept  of  a  deflected  jet  is  illustrated  in  Figure  I3.  It  is 
desired  to  relate  the  respective  values  of  hg  and  0,  which  define  the  position  of 
the  jet  at  which  a  jet  noise  source  is  first  influenced,  to  the  frequency  of  the 
source. 
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It  is  assumed  that  for  higher  fre¬ 
quencies  the  boundary  has  no  direct  influ¬ 
ence  on  the  power  output  of  the  source.  The 
ground  reflection  of  sound  at  the  higher 
frequencies  still  occurs  and  in  some  cases 
may  be  the  governing  factor  in  defining  the 
effects  of  the  boundary  on  the  radiated 
sound  field.  Of  primary  concern  here,  how¬ 
ever,  is  the  direct  effect  on  the  source 
itself.  For  lower  frequencies  the  jet 
structure  will  be  altered  so  that  the  re¬ 
lation  between  source  frequency  and  posi¬ 
tion  may  be  altered,^! 

The  effect  of  a  rigid  reflecting  sur¬ 
face  on  the  power  output  of  a  single  soiirce 
was  considered  earlier.  An  approximate 
criterion  for  the  threshold  of  influence 
was  that 


where  h  =  the  distance  to  the  ground 

plane 


Figure  13.  Geometry  of  deflected  X  =  wavelength  of  source, 

jet. 

This  is  accepted  as  the  sole  criterion  for 
the  minimum  distance  for  a  direct  effect  on  the  source.  This  criterion  can  then  be 
expanded  to  show  the  relationship  between  hg  and  f  by 


2^ 

1 

Since 

he 

and 

Oe 

X 

therefore 

he 

De 

Now  in  the  mixing  region  of  a  jet,  where  the  high  frequencies  are  generated, 
it  is  approximately  true  that: 


he 


X_ 

Oe' 


Oe 

he 


Oe 

he 


where  k  is  a  constant  5;  O.I4 
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so  that  the  above  becomes 


or 


Thus,  an  expression  is  found  which  relates  the  position  of  the  jet  to  the 
non-dimensional  frequency  of  the  source  which  is  just  affected  at  this  position. 
For  exanple,  for  the  peak  Strouhal  number  «  0i25,  the  following  values  of  hg/De 
are  found  for  K  ~  O.li  and  M: ^  1 


0 

0* 

90* 

be/^e 

2 

3.1  ^  1 

3.6 

The  absolute  accuracy  of  the  equation  derived  above  will  depend  on  the  accuracy 
with  which  the  noise  source  can  be  specified  for  the  undeflected  jet.  For  purposes 
of  scaling,  however,  the  expression  may  be  used  as  a  guide  to  the  sensitivity  of 
the  jet  noise  source  to  changes  in  geometry  of  the  deflector  or  changes  in  the  flow. 

For  the  deflected  jet,  a  new  flow  structure  will  be  formed.  For  a  rocket  fired 
vertically  above  the  ground,  for  example,  the  data  in  Reference  show  that  the 
Strouhal  number  of  the  pressure  fluctuations  along  the  boundary  of  a  radially- 
spreading  deflected  jet  will  vary  approximately  as  l/R^,  where  R  is  the  distance 
from  the  jet  in^jingement. 

In  general,  by  choosing  new  relationships  for  flow  similarity  in  this  "deflected 
jet"  region,  the  sound  generated  in  this  region  could  be  predicted  in  the  same 
manner  as  for  the  free  jet.  It  is  important  to  note  that  the  boundary  along  which 
this  portion  of  the  jet  flows  cannot  be  removed  without  altering  the  basic  form  of 
the  flow,  and  hence  noise  generation,  in'  this  region. 

Enclosed  Jet 

The  extreme  case  of  a  bounded  jet  noise  field  is  represented  by  the  noise 
field  of  a  jet  enclosed  in  a  so-called  silo  launching  device.  This  case  is 
examined  to  establish  the  scaling_laws  which  apply  to  this  ijnique  situation.  The 
analysis  considers,  first,  the  initial  transient  pressure  pulse  at  engine  ignition, 
and  then  the  steady  state  noise  within  the  silo  during  a  static  firing.  Both  of 
these  phenomena  have  significance  as  dynamic  loads  on  the  missile  structure  and 
equipment. 

Transient  Pressure.— A  typical  oscillographic  record  of  the  pressure  at  the 
base  of  a  missile  during  the  initial  firing  transient  has  the  appearance  of  a 
dairped  sine  wave,  suggesting  that  the  pressure  pulse  may  be  approximated  by  the 
transient  response  of  a  lumped-constant  acoustical  system.  Following  this  line  of 
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reasoning,  equations  for  the  pressure  and  resonant  frequency  of  the  pulse  may  be 
derived. These  equations  show  that  (l)  the  magnitude  of  the  pressure  pulse 
should  be  duplicated  by  a  scale  model  since  all  dimensions  appear  as  ratios,  and 
(2)  the  'resonant  frequency',  and  hence  characteristic  frequency,  of  the  pressure 
pulse  will  be  inversely  proportional  to  a  typical  dimension  of  the  silo  configura¬ 
tion,  Thus,  the  basic  requirements  for  a  true  scale  model  are  satisfied  for  this 
transient  pressure  pulse.  It  must  be  emphasized  again,  however,  that  \mless  the 
model  and  full  scale  engine  have  the  same  transient  ignition  characteristics,  the 
magnitude  of  the  pressure  pulse  cannot  be  duplicated  by  a  model. 

Steady  State  Sound  field, — Once  flow  has  been  established  in  the  silo,  the 
steady  state  wide  band  noise  is  of  interest.  Only  a  static  firing  is  considered 
since  it  is  verjf  unlikely  that  one  would  want  to  launch  a  model  from  a  scaled  silo. 
More  to  the  point,  however,  is,  the  fact  that  if  static  similarity  can  be  estab¬ 
lished,  then  dynamic  similarity  should  also  hold  for  the  first  few  seconds  of 
flight  at  very  low  velocities  as  the  missile  leaves  the  silo. 


If  the  fluctuating  pressures  on  the  surface  of  the  missile  and  silo  walls 
are  caused  by  the  local  turbulent  flow,  a  scale  model  which  duplicates  the  turbu¬ 
lent  flow  field  of  the  full  scale  version  should  also  duplicate  the  noise  field. 
Thus,  the  rms  sound  pressure  should  scale  as 


where 


P 

P 


z  rms  sound  pressure 


=  characteristic  density  of  flow 
=  characteristic  velocity  of  flow 


U  :  rms  velocity  of  turbulence 


The  characteristic  structure  of  the  flow  would  be  readily  duplicated  by  a  geometri¬ 
cally  scaled  model. 


However,  from  preliminary  tests  with  cold  air  jets  used  to  simulate  a  silo  noise 
field,  there  did  not  appear  to  be  any  direct  proportionality  between  the,  sound 
pressure  and  djmamic  pressure  of  the  flow  as  suggested  above.  While  the  evidence 
is  meager,  it  does  suggest  that  the  sound  field  in  the  silo  is  not  due  primarily 
to  a  boundary  layer  noise  phenomenon.  The  other  logical  approach  is  to  consider 
the  problem  in  terms  of  a  reverberant  jet  noise  field. 

The  sound  pressure  in  the  reverberant  field  of  a  noise  source  is  defined  by, 2 

.  =  4W.pc6 --^t) 

'  D 

W,  =  Total  power  output  of  noise  source 

oC-^  =  Average  absorption  coefficient 
3  =  Total  surface  area  of  enclosure 

If  the  acoustic  power  is  assiimed  to  be  proportional  to  the  mechanical  power  of  the 
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jet  exhausty  and  the  acoustic  absorption  is  due  to  both  absorption  at  the  vails  of 
the  silo  and  in  the  gases  of  the  jet  eidiaust  tdiich  fill  the  silo,  then: 


W  o( 


where 


Also, 


Uc  - 

d,  . 

1  * 
°<-T  = 


characteristic  velocity  of  noise  generating  portion  of  jet 
characteristic  diaaeter  of  this  portion  of  jet 
efficiency  of  noise  generation 

(ii) 


^  Sn«<-r  ,  4  mV 
x  — g- 


where 


V 


absorption,  in  Sabins,  of  the  n^  segment  of  the  silo  walls 
coefficient  of  energy  absorption  in  the  gases 
total  volume  of  silo 


To  illustrate  the  scaling  concept  more  clearly,  consider  two  cases:  absorp¬ 
tion  is  entirely  at  the  walls,  or  entirely  in  the  gas.  For  the  first  case,  the 
gas  absorption  is  zero,  or  m  =  0.  Using  the  dimensions  for  the  silo  and  missile 
defined  in  Figure  l4,  the  sound  pressure  in  the  reverberant  field  is: 


U(l) 


s  equivalent  diameter 
of  annulus 

=  “iN' 

Figure  l4.  Siagram  and 
dimensions  of  a 
missile  in  a  silo 


Provided  that  the  efficiency  of  noise  generation  is  not 
eiffected  by  the  scale  factor,  the  above  equation  indicates 
that  if  the  flow  parameters  of  the  model  duplicate  the 
full  scale  values,  then  the  sound  pressures  measured  in 
the  model  should  duplicate  full  scale  values  since  the 
silo  dimensions  all  appear  as  dimensionless  ratios.  This 
also  assumes  that  the  average  absorption  coefficient,  c6  , 
would  be  accurately  duplicated  on  the  model. 


For  the  case  of  all  the,  absorption  taking  place  in 
the  gases  within  the  silo  (o^n»  O),  the  sound  pressure  in 
the  reverberant  field  sould  be  given  approximately  by: 
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While  this  shows  the  same  dependency  on  the  flow  parameters,  it  is  noted  that  the 
sound  pressure  is  now  a  function  of  the  size  of  the  model  since  the  silo  dimen¬ 
sions  do  not  all  appear  as  dimensionless  ratios.  Furthermore,  the  value  of  the 
energy  absorption  coefficient,  m,  will  vary  with  frequency,  but  not  necessarily 
in  a  linear  fashion,  so  the  absorption  losses  do  not  scale.  Thus,  for  the  case 
where  the  majority  of  the  absorption  of  sound  in  the  silo  occurs  in  the  gases,  the 
losses  are  proportional  to  the  volume  of  the  silo,  but  the  sound  power  output  will 
scale  as  the  area  of  the  silo.  The  scale  model  will  not,  therefore,  reproduce  the 
sound  field  of  the  full  scale  version. 

In  practice,  it  is  probable  that  the  absorption  of  sound  in  a  silo  firing  is 
due  to  a  combination  of  absorption  at  the  walls  and  absorption  by  the  gases.  The 
lack  of  a  better  understanding  of  the  absorption  of  sound  in  hot,  turbulent  exhaust 
gases  of  a  rocket  make  it  iitpossible  to  further  define  the  ability  to  scale  the 
sound  field  within  a  silo.  Experimental  studies  are  the  only  practical  recourse. 


C.  Measurement  of  Noise  Field 


1.  General  Instrumentation 

If  the  model  results  are  to  be  significant,  the  instrumentation  which  is  used 
in  model  work  must  be  of  comparable  quality  to  that  used  in  making  full  scale 
measurements,  but  for  a  higher  range  of  frequencies.  With  care,  items  such  as 
amplifiers,  tape  recorders,  and  voltmeters  are  capable  of  operation  up  to  100,000 
cps  as  reliably  as  to  10,000  cps.  While  this  situation  does  not  hold  so  readily 
for  microphones  or  the  phase  matching  of  components,  the  objective  with  regard  to 
these  items  is  the  same. 


2.  Finite  Size  of  Microphone 

The  methods  of  microphone  calibration  are  well  known  and  need  not  be  considered 
here. 31  The  particular  method  enployed  in  this  program  will  be  descidbed  in 
Section  III  ~  Instrumentation. 

The  size  of  the  microphone  inherently  limits  the  accuracy  of  high  frequency 
acoustic  measurements  and  therefore  is  a  significant  factor  in  the  accuracy  of  any 
acoustic  model  study.  For  measurements  in  the  free  field,  the  obstacle  effect  of 
the  microphone  itself  causes  well  known  diffraction  effects, 22  The  measured  free 
field  response  of  one  of  the  small  microphones  used  in  this  study  is  shown  in 
Figure  l5  for  both  normal  and  grazing  incidence.  Also  shown  is  the  theoretical 
effect  for  normal  incidence.  The  corresponding  theoretical  effect  for  grazing 
incidence  is  zero. 22  The  observed  and  theoretical  responses  have  been  plotted  in 
terms  of  ratio  of  microphone  diameter  to  wavelength  for  the  sake  of  convenience  in 
interpretation.  The  fact  that  the  microphone  will  be  essentially  non-directional 
in  the  plane  of  the  diaphragm  for  grazing  incidence  can  also  be  used  to  considerable 
advantage.  If  the  microphone  is  located  so  that  the  extension  of  the  plane  of  the 
diaphragm  contains  the  sound  source,  it  is  not  necessary  to  know  the  exact  direction 
of  the  sound  source  in  this  plane. 
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There  is  one  b,asic  limitation  to  the  grazing  incidence  technique  that  may  be 
inportant  when  measuring  pressures  on  a  rigid  plate  which  has  a  sound  field 
traivseling  across  it.  As  a  sinplified  illustration,  assume  that  the  raicrophone  is 
represented  fey  a  rigid  rectangular  piston  of  width  d  in  the  direction  of  the  sound 
wawe  and  located  flush  with  a  rigid  plate.  Tf  a  sinusoidal  pressure  wave  is 
traveling  across  the  microphone,  the  instantaneous  pressure  at  any  point  on  the 
piston  may  ibe  expressed  as 

=  \/r,p,  5'm  -  KK ) 


where 


Px,t 

K 


-  rms  pressure  in  the  incident  wave 

-  -angular  frequency 

-  2.Tr 

X 


z  distance  from  the  c enter  ©f  the  diaphragm 


The  average  pressure  over  the  face  of  the  piston  will  be 

y/a 


= -r  Pa ‘s.wiiMi-kx)  dx 


Pt  =  P» 


SIM 


and  the  rms  pressure  on  the  piston  will  be  related  to  the  rms  incident  pressure  by 

Kd 


Figure 
in  a 


P- 


-•  MICBOPHONE  DLAMETER/WAVEi.ENGTH 

15.  Response  of  microphone  in  free  field  and 
rigid  plate. 


Kd 

Z 

When  expanded  in  an  infinite 
series,  this  becomes 

... 

Po  24  l^zo 

A  more  detailed  analysis 
of  the  finite  size  of  a  cir¬ 
cular  microphone  of  diameter 
d  on  measurement  of  convected 
pressure  fluctuations  has 
been  reported  in  Reference  Ijl^. 
Prom  -this  latter  analysis,  it 
is  possible  to  show  that  for 
the  case  of  an  acoustic  wave 
traveling  across  the  micro¬ 
phone  at  grazing  incidence, 
the  ratio  of  observed  pressure 
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to  Incident  pressure  can  be  estimated  by  the  series^ 

£  ~  I  -  7f'Ka)‘'  . 

p.  '  16  3072,  “  21!4,3I2 

Tnis  expression  for  a  rigid  circular  piston  is  con^jared  in  Figure  l5  with  the 
previous  expression  for  a  rigid  rectangular  piston;  the  effect  is  similar  for  the 
two  cases.  Since  the  diffraction  effect  is  absent  at  grazing  incidence,  identical 
frequency  responses  should  be  observed  at  grazing  incidence  whether  in  the  free 
field  or  in  a  plate.  However,  the  computed  response  for  a  rigid  piston  in  a  plate 
would  suggest  a  much  greater  drop  in  high  frequency  response  for  grazing  incidence 
than  is  actually  observed  for  grazing  incidence  of  a  real  microphone  in  the  free 
field.  The  most  probable  explanation  for  this  discrepancy  is  believed  to  be  due  to 
the  fallacy  of  assming  that  the  microphone  diaphragm  could  be  represented  by  a 
rigid  piston.  This  assun¥)tion  iitfjlies  that  pressure  at  the  edge  of  the  transducer 
is  just  as  effective  as  pressure  at  the  middle  of  the  transducer.  This,  of  course, 
is  not  true  for  a  real  microphone  since  the  edges  are  fixed. 


A  rough  estimate  of  the  response  of  a  flexible  diaphragm  located  in  a  plate 
was  made  by  defining  an  effective  pressure  Pe  on  the  face  of  the  diaphragm  by  the 
relation 


Pe 

Pk 

d 

X 


Px  cos 


K 


pQ  s'ln  ,  as  before 

width  of  rectangular  diaphragm 
distance  from  middle  of  diaphragm. 


The  result  is  that  the  ratio  of  rms  pressure  averaged  over  the  diaphragm  to  the 
incident  pressure  is  proportional  to 


TC^  cos 

T^- 


I 

This  expression  is  also  shown  in  Figure  1$,  indicating  an  irqjrovement  in  high 
frequency  response.  This  is  the  expected  result  since  the  effective  size  of  the 
diaphragm  which  responds  to  the  grazing  incidence  wave  is  appreciably  smaller  than 
the  actual  microphone  diaphragm  size.  The  actual  diaphragm  of  the  microphone  used 
is  less  than  the  one-quarter  inch  outside  diameter  indicated  in  Figure  1$.  Correct¬ 
ing  for  this  would  also  improve  the  agreement  between  the  estimated  and  observed 
responses.  As  a  tentative  procedure,  the  response  in  a  rigid  plate  will  be  con¬ 
sidered  to  be  the  free  field  grazing  response. 


The  criterion  suggested  by  the  observed  response  data  is  that  the  microphone 
diameter  should  not  exceed  one-half  wavelength  if  large  response  corrections  are 
to  be  avoided. 


A  slightly  different  requirement  is  placed  on  microphone  size  if  space 
lation  measurements  are  to  be  made.  If  the  microphones  are  placed  as  close 


corre- 

together 
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as  possible,  the  criterion 


d 


will  result  in  the  ability  to  raeasvire  all  phase  differences  greater  than  •  By 
reviewing  measured  correlation  data,  Franklin  and  Archbold37  concluded  that  the 
largest  microphone  diameter  which  could  be  used  with  their  2-inch  jet  was  l/8-inch. 
A  generalization  of  this  conclusion  is 


d 


where  dg  is  the  nozzle  diameter. 
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ni.  INSTRUMENTATION. 


The  basic  elements  of  the  instrumentation  system  used  in  the  experimental  work 
reported  herein  are  shown  in  block  diagram  form  in  Figure  l6.  A  more  detailed 
description  of  certain  of  these  elements  follows. 


The  Massa  M-213  microphone  (ADP  crystal)  was  selected  for  use  in  this  experi¬ 
mental  program  primarily  because  it  appeared  to  satisfy  best  the  requirements  of 
small  size  (l/U-inch  diameter)  and  useful  frequency  response  up  to  100,000  cps. 

For  the  special  purpose  of  measuring  in  high  temperature  environments,  Photocon 
Research  Products'  Model  7^2  water-cooled  pressure  transducer  was  used.  In  all 
cases  this  microphone  was  mounted  flush  in  a  surface,  which  eliminated  the  problem 
of  diffraction.  Its  range  of  useful  frequencies  nominally  is  limited  to  10,000  cps. 
Altec  21BR  series  microphones  (5/8-inch  diameter)  were  used  to  obtain  data  in  those 
situations  for  which  an  insufficient  number  of  Massa  microphones  were  available. 

The  Altec  microphone  has  a  useful  range  up  to  about  20,000  cps.  A  detailed  descrip¬ 
tion  of  the  use  of  only  the  Massa  microphone  will  be  presented,  as  the  other  two 

microphones  are  in  widespread  use  for  full 


scale  measurements. 

In  Figure  1?  the  open  circuit  fre¬ 
quency  response  of  a  typical  ]Massa  M-213 
microphone  crystal,  button  is  presented. 

Each  microphone  button  purchased  from 
Massa  was  accompanied  by  such  a  calibra¬ 
tion  curve.  The  deviation  between  buttons 
is  very  small.  These  curves  were  checked 
at  normal  incidence  at  Boeing  by  comparison 
calibration,  using  a  Western  Electric  6U0AA 
microphone  as  the  standard  and  a  specially 
built  electrostatic  speaker  as  the  noise 
source.  In  general  the  agreement  with  the 
manufacturer's  curves  was  good.  The  large 
difference  between  normal  and  grazing  in¬ 
cidence  sensitivity  at  the  higher  frequen¬ 
cies  is  due  to  the  diffraction  pattern  of 
the  microphone.  Except  as  noted  later, 

3.11  free  field  measurements  with  these 
microphones  were  made  with  grazing  in¬ 
cidence.  The  grazing  incidence  frequency 
response  indicated  by  the  manufacturer  was 
therefore  used  in  correcting  the  micro¬ 
phone  signal.  Immediately  before  each 
test  each  microphone  was  inserted  into  a 
pressure  coupler  which  provided  a  lOCX)  cps 
db,  and  this  reference  signal  was  applied  through  the  entire  electrical 
tape  recorder.  Later  the  absolute  levels  of  the  signals  obtained 
during  the  test  were  established  by  reference  to  this  l50  db  signal.  The  pressure 
coupler  was  qualified  by  periodic  checks  with  the  laboratorj'-  standard  Western 
Electric  SkOPA  microphone  system.  An  independent  check  of  this  field  calibrator  was 
obtained  through  the  use  of  a  pistonphone. 


Figure  17. 
microphone 


Frequency  response  of 
and  electrical  system. 


signal  at  l50 
system  to  the 
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SOUND  PRESSURE  LEVEE  SYSTEM 
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Figure  16.  Block  diagram  of  complete  instrumentation  system  for  measuring  sound 
pressures  and  space  correlation. 


An  additional  problem  to  be  considered  in  using  crystal  microphones  is  their 
sensitivity  to  acceleration.  Any  mechanical  connection  to  the  button  may  transmit 
motion  resulting  from  vibration  of  any  part  of  the  microphone  mount.  This  motion 
results  in  an  extraneous  signal  from  the  microphone,  which  may  be  comparable  to  or 
greater  in  magnitude  than  the  signal  resulting  from  the  acoustic  pressures  at  that 
frequency.  By  exercising  extreme  care,  it  is  possible  to  isolate  the  button  satis¬ 
factorily  even  in  environments  of  rather  high  vibration  levels. 

The  mount  shown  in  Figure  l8  (left)  was  used  for  isolating  the  microphone  when 
free  field  measurements  were  required.  The  entire  cathode  follower  assembly  is 
isolated  in  this  instance,  and  tlie  microphone  button  is  attached  rigidly  to  it. 

Figure  18  (right)  shows  the  isolation  means  used  throughout  the  experimental  part 
of  this  program  when  it  was  desired  to  measure  noise  levels  flush  with  a  surface. 

In  both  types  of  mounts,  resonant  frequencies  in  all  directions  of  motion  were  20  cps 
or  less,  about  3  octaves  below  the  lowest  frequencies  to  be  measured.  The  distance 
of  the  button  from  the'  cathode  follower  assembly  was  limited  to  6  inches  because  a 
6-inch  Microdot  cable  was  used  to  connect  the  two  elements.  In  the  case  of  the  free 
field  mount  there  is  the  possibility  that  reflections  from  the  cathode  follower 
assembly  are  a  source  of  error  on  occasion,  but  a  longer  cable  is  undesirable  because 
of  its  loss  due  to  capacitance. 

In  sTimmary,  the  Massa  M-213  microphone  appears  to  be  suitable  for  the  particular 
purpose  of  making  high  frequency  model  noise  measurements,  and  if  properly  used  this 
microphone  can  result  in  satisfactory  measurements. 

Operation  of  an  Ampex  FR-IO?  seven-channel  tape  recorder  at  60  inches  per 
second  with  direct  record  electronics  provided  storage  of  data  over  the  desired 
range  of  frequencies.  The  entire  electrical  system  except  the  microphone  button 
was  daily  checked  at  all  frequencies  by  inserting  a  sweep  frequency  oscillator 
signal  at  the  cathode  follower.  Variable  attenuation  was  possible  at  each  filter, 
and  the  frequency  response  of  the  system  was  adjusted  at  that  point.  TTie  frequency 
response  of  the  entire  eleqtrical  system  except  microphone  is  plotted  in  the  lower 
part  of  Figure  17.  Data  reduction  normally  involved  the  use  of  octave  band  filters 
from  l30  to  80,000  cps  and  a  true  rms  voltme-ter.  Alternate  use  was  made  of  a 
one-third  octave  band  filter  set  between  the  center  frequencies  of  100  cps  and 
32,000  cps  in  place  of  the  octave  band  filters  as  the  occasion  demanded.  Usually 
a  one-minute  data  sample  was  obtained,  but  when  less  than  about  l5  seconds  of  data 
were  obtained,  reduction  of  data  was  by  use  of  a  graphic  level  recorder  in  place 
of  the  voltmeter.  The  graphic  level  recorder  was  also  used  in  a  few  other  appropriate 
instances.  With  either  device,  the  absolute  level  of  the  data  was  obtained  by  refer- 
iring  to  the  1000  cps  db  calibration  signal. 

Space  correlation  data  were  obtained  over  a  limited  frequency  range  compared 
with  the  range  used  for  sound  level  measurements.  The  various  pairs  of  Massa  micro¬ 
phone  buttons  used  for  correlation  measurements  were  observed  to  be  matched  in 
phase  to  within  2*  between  200  and  2000  cps.  The  pressure  coupler  used  to  observe 
this  phase  relationship  was  not  suitable  for  such  use  above  2000  cps,  but  theoret¬ 
ically  the  crystal  microphones  used  should  be  in  phase  to  fairly  high  frequencies. 

The  pairs  of  tape  recorder  channels  which  were  used  matched  in  phase  to  within  3* 
from  100  cps  to  5000  cps,  diverging  to  a  mismatch  of  as  much  as  10*  at  10,000  cps. 

It  may  be  noted  in  Figure  l6  that  the  sum  and  difference  anplifier  was  used  in  a 
manner  which  avoided  any  requirement  for  phase  matched  fil-ters. 
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ragure  18.  Crystal  microphone  vibration  isolating  mounts. 
(Left;  free  field  mount;  (right)  flush  mount. 


IV.  TEST  FACILITIES  AND  PROCEDURES 


Each  model  test  performed  in  connection  with  this  program  was  planned  so  as 
to  provide  experimental  data  pertaining  to  one  or  more  of  the  items  covered  in 
Section  II.  Details  such  as  exact  test  point  locations  and  plenum  conditions  will 
be  presented  only  in  Appendix  A,  The  model  data  were  obtained  by  octave  bands 
between  1^0  and  80,000  cps,  except  as  noted. 

The  basic  considerations  in  the  design  of  a  nozzle  are  exit  diameter,  area 
ratio,  and  shape  of  inlet  and  outlet  sections.  The  maximum  diameters  of  nozzles 
used  in  this  scale  model  program  were  dictated  by  the  capacity  of  the  particular 
gas  source  to  be  used.  For  those  model  nozzles  which  were  designed  to  simulate 
a  full  scale  engine,  area  ratios  were  set  to  be  identical  to  the  full  scale 
nozzle.  In  other  instances  area  ratios  were  set  to  match  the  exit  Mach  number. 
Nozzle  inlets  were  all  bellmouth  in  shape,  designed  by  the  method  of  Smith  and 
Wang32  to  provide  not  over  1%  variation  in  velocity  across  the  nozzle  throat.  To 
simplify  fabrication  the  downstream  one-third  of  the  ideal  bellmouth  was  approxi¬ 
mated  by  a  conical  shape.  Divergent  sections  were  made  conical  in  shape  with  a 
3"  half  angle  of  divergence,  except  that  rocket  nozzles  used  a  10*  half  angle  of 
divergence. 


A.  Heated  Air  Jets 


Several  tests  utilized  air  heated  to  temperatures  up  to  1000*F.  To  obtain 
these  temperatures  a  burner  using  kerosene  and  compressed  air  was  used.  The  hot 
gas  was  then  led  through  appropriate  sections  of  steel  pipe  until  it  was  finally 
exhausted  through  the  nozzle.  Total  pressure  and  total  temperature  probes  were 
installed  in  the  flow  a  few  nozzle  diameters  upstream  of  the  nozzle.  The  flow  at 
the  measurement  station  was  generally  less  than  Mach  0,3.  Desired  values  of  tem¬ 
perature  and  pressure  were  obtained  by  controlling  the  flow  of  compressed  air  and 
fuel. 


1,  Surface  Effects 

To  investigate  the  effects  of  surfaces,  the  experimental  setup  shown  in 
Figure  19  was  used.  The  vertical  exhaust  was  chosen  to  simplify  the  pixjcess  of 
varying  the  distance  between  an  exhaust  axis  and  a  parallel  surface  as  well  as  to 
provide  a  free  exhaust  when  no  reflecting  surface  was  desired.  The  90*  turn  re¬ 
quired  for  the  vertical  exhaust  was  obtained  through  a  plenum  rather  than  an 
elbow.  Heat  radiation  from  the  vertical  stack  to  nearby  microphones  was  minimized 
by  use  of  an  asbestos  wrapping.  The  movable  surface  shown  in  figure  19  is  a  steel 
plate,  8  feet  square,  made  of  l/U-inch  steel  with  a  cross  network  of  angle  iron 
stiffeners  on  the  reverse  side.  In  addition,  a  lA-inch  layer  of  Aquaplas  danping 
material  was  applied  to  the  back  surface. 
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TVo  types  of  experiments  to  investigate  the  effects  of  reflecting  surfaces 
were  performed  with  the  arrangement  shown  in  Figure  19:  changes  in  sound  levels 
at  the  surface,  and  changes  in  sound  levels  at  points  near  the  surface. 

To  Investigate  the  sound  levels  at  a  surface  the  microphones  were  mounted 
1  ,  f].ush  with  the  surface  of  the 

plate  at  several  locations,  and 
the  plate  was  positioned  succes- 

—  sively  2,  Hj  8,  and  l6  nozzle 

m  .  ,f  ,  «  -*•  diameters  from  the  nozzle  axis. 

iHjl  , ;  ^Hll  A  hot  exhaust  condition  of  a 

j  i!  "  ■  ;//  *  3-inch  nozzle  was  used  as  a  noise 

I:  ,  hH  source  for  all  measurements.  The 

ill*.  ^  same  measurements  were  then  repeated 

.i'  with  the  surface  removed.  Each 

I  ■  microphone  was  in  the  identical 

c  "If  *  ,  ^  position  in  space  ,  and  at  the  same 

incidence  relative  to  the  noise 
•*  |“f  source  as  before.  A  similar  series 

:^H||  of  tests  was  performed  with  the 
,iv:  surface  placed  parallel  to  and  one 

B(  iiozzle  diameter  upstream  of  the 

w  ..  tr  "  ’'BV  ^^1  nozzle  exit  plane.  Fewer  micro- 

phone  locations  were  used,  but  all 
measurements  were  made  for  three 


viH  investigat*  the  change  in 

the  fields  caused  by  the 

presence  of  a  nearby  reflecting 
surface,  five  microphones  were 

Y''’ lafei  used.  A11  microphone  buttons  were 

located  in  a  plane  parallel  to  and 

Figure  19«  Vertical  heated  air  exhaust  five  diameters  downstream  of  the 
near  8-foot  simulated  ground  plane.  nozzle  exit  plane.  Four  of  the 

microphones  were  kept  at  a  constant 
relationship  to  the  exhaust,  either 

li  or  l6  diameters  from  the  jet  axis,  and  the  fifth  microphone  was  located  a  con¬ 
stant  I-I/2  diameters  from  the  surface.  The  incidence  of  each  microphone  was 
chosen  so  as  to  minimize  the  interference  of  that  m3.crophone  assembly  to  either 
the  direct  or  reflected  noise  as  seen  by  another  microphone.  The  incidence  was 
then  unchanged  as  the  surface  was  placed  at  2,  h,  8,  and  I6  nozzle  diameters  from 
and  parallel  to  the  jet  axis.  A  hot  exhaust  condition  of  a  3-inch  nozzle  was  used 
as  a  noise  source  for  all  measurements.  The  same  measurements  were  then  repeated 
for  identical  conditions  except  that  the  surface  was  removed.  One- third  octave 
band  data  were  obtained  from  all  microphones.  The  free  field  data  for  the  four 
microphones  which  were  fixed  relative  to  the  exhaust  were  obtained  three  times. 
These  data  were  then  averaged  to  provide  a  better  free  field  sound  level  reference. 
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2.  TVo  Engines 


The  plenum  shown  in  Figure  19  was  built  with  several  exhaust  stacks  so  that 
two  nozzles  could  be  operated  simultaneously  at  various  spacings  relative  to 
each  other,  A  3-inch  nozzle  on  each  stack  was  preceded  by  total  pressure  and 
total  temperature  indicating  devices.  In  actual  operation  the  temperature  was 
found  to  be  the  same  in  each  line,  and  the  total  pressure  varied  by  not  more 
than  1-1/2%  between  lines,  indicating  that  the  exhaust  velocity  from  one  nozzle 
was  within  1%  of  the  exhaust  velocity  for  the  second  nozzle. 

Microphones  were  flush  mounted  in  the  plate  as  shown  in  Figure  19,  with  the 
plate  positioned  2  and  U  diameters  from  the  nozzle  axis.  Measurements  were 
made  for  a  single  nozzle  source,  and  for  two  nozzles  spaced  2,  h,  and  8  diameters 
apart. 

Space  correlation  measurements  were  also  made  for  each  of  the  three  nozzle 
spacings.  One  face  of  a  2  x  2-inch  angle  was  placed  in  the  nozzle  exit  plane, 
on  the  perpendicular  bisector  of  the  line  connecting  the  centers  of  the  two  nozzles. 
Microphones  were  then  mounted  flush  on  the  angle,  utilizing  the  mounts  shown  in 
Figure  I8.  The  reference  microphone  was  placed  U  nozzle  diameters  from  the  line 
connecting  the  two  nozzles,  and  the  other  microphones,  three  at  a  time,  were  placed 
at  distances  of  from  l/h  to  36  inches  from  the  reference  microphone,  away  from 
the  nozzles.  After  a  measurement  was  made  using  two  nozzles,  one  of  the  nozzles 
was  capped  off,  and  a  measurement  was  made  with  just  one  nozzle  as  a  source. 
Correlation  reduction  was  by  octave  bands  from  l^O  to  10,000  cps.  The  same  hot 
exhaust  condition  was  used  for  all  measurements  in  the  series,  both  for  sound  level 
and  correlation  data. 


3,  Nozzle  Size 

Convergent  nozzles  with  exit  diameters  of  3/8,  3/U,  1-1/2,  and  3  inches 
were  exhausted  vertically  with  no  reflecting  surfaces  nearby.  Microphones  were 
placed  at  1$  test  points  ranging  from  the  nozzle  exit  plane  to  I6  diameters 
downstream,  and  up  to  I6  diameters  away  from  the  exhaust  axis.  Any  given  test 
point  was  described  in  terms  of  nozzle  diameters  from  the  exit,  so  that  the  test 
point  appeared  to  be  in  the  same  place  for  each  nozzle, 

U,  Vertical  Take-off 

Figure  20  shows  an  arrangenEnt  for  discharging  a  jet  exhaust  down  on  a  flat 
surface.  The  elevation  of  the  nozzle  exit  was  adjustable  from  2  to  I6  nozzle 
diameters  above  the  ground  by  using  different  lengths  of  pipe  between  the  plenum 
and  nozzle.  Microphones,  located  upstream  of  the  nozzle,  recorded  the  sound 
levels  produced  by  3-inch  nozzles  operated  at  three  plenum  conditions.  The 
microphones  were  kept  at  a  constant  location  relative  to  the  nozzle  as  the  nozzle 
elevation  was  changed.  Free  field  base  line  data  were  obtained  with  the  plenum 
mounted  as  in  Figure  19,  except  that  the  reflecting  surface  was  absent. 

One- tenth  Scale  B-52 

An  extensive  l/lO  scale  model  program  of  B-$2  near  field  noise  levels  was 
conducted  in  connection  with  development  of  a  noise  suppressor  for  the  B-52  engines. 
Reference  33  summarizes  the  model  B-32  program.  This  B-92  program  was  completed 
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Fig\ire  20.  Test  apparatus 
simulating  vertical  take-off. 


before  the  present  studies  were  undertaken, 
but  it  is  included  here  for  conpleteness. 

The  model  wing  and  fuselage  used  are  shown 
in  Figure  21.  A  pair  of  the  B-52  engines 
were  simulated  by  the  model,  and  sound 
levels  were  measured  at  many  locations  on 
the  under  wing  surface  and  fuselage.  Basic 
techniques  were  the  same  as  for  the  other 
models  described  here,  except  that  an  Altec 
condenser  microphone  was  used  to  provide 
direct  octave  band  read-out  from  1^0  to 
10,000  cps. 

6,  One-eighth  Scale  J-57 

An  eighth  scale  model  of  a  single  J-57- 
P3  engine  was  made  by  using  a  3~inch  con¬ 
vergent  nozzle.  This  was  exhausted  hori¬ 
zontally  8  inches  above  a  ground  plane. 
Microphones  were  placed  at  25  test  points 
in  the  horizontal  engine  plane,  from  the 
nozzle  exit  to  25  diameters  downstream,  and 
up  to  10  diameters  sideways  from  the  engine. 

7.  One-eighth  Scale  J-79  (Military) 

The  J-79  engine  has  a  variable  orifice 
exhaust  nozzle  which  gives  it  considerable 
flexibility  of  operation.  Figure  22  (left) 
shows  the  model  nozzle  which  was  built  to 
simulate  the  full  scale  nozzle.  The  full 
scale  engine  obtains  cooling  air  of  about 
B%  of  the  primary  flow  through  scoops  on 
the  side  of  the  engine.  The  plant  compressed 


air  system  provided  the  model  nozzle  with 
this  cooling  air.  The  nozzle  exhaust  was  horizontal,  7-l/?  inches  above  a  ground 
plane.  Microphones  were  placed  at  about  50  locations  in  the  horizontal  engine 
plane,  from  5  diameters  forward  of  the  nozzle  exit  to  25  diameters  downstream. 


and  up  to  20  diameters  to  one  side  of  the  engine  axis. 


B,  Afterburning  Air  Jets 


Model  simulation  of  afterburning  engines  was  accomplished  by  use  of  a  kero¬ 
sene  burner  in  basically  the  same  manner  as  for  the  models  described  above.  The 
difference  lies  entirely  in  the  range  of  temperatures  required  and  the  techniques 
for  coping  with  the  extremely  high  temperatures.  The  burner  which  was  used  was  of 
conventional  design  except  that  it  was  made  entirely  of  stainless  steel,  and  a, 
water  jacket  about  one  inch  thick  surrounded  all  heated  sections.  All  piping 
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figure  21.  One-tenth  scale  model  B~^2  with  inboard  engines  in  position 


downstream  of  the  burner  was  water  cooled,  as  was  the  total  pressure  pickup.  The 
thermocouple  used  was  of  Platintm— Platinum- 10$  Rhodium  construction  and  required 
no  cooling.  Temperatures  up  to  about  3U00*F.  are  obtainable  with  this  apparatus 
under  optimum  operation.  Cooling  of  the  exhaust  nozzles  is  necessary  for  any 
operation  above  about  1000*F. 


1,  One-eighth  Scale  J-79  (Afterbwning) 


Figure  22  (right)  shows  the  model  J-79 


Figure  22.  One-eighth  scale  model  J-79 
nozzles,  (left)  for  military  operation, 
(right)  for  afterburning  operation. 


afterburning  nozzle  which  was  used. 

In  the  full  scale  operation  the 
angle  of  convergence  of  the 
primary  and  secondary  nozzles  is 
varied  between  military  and  after¬ 
burning  engine  conditions.  This 
was  accomplished  on  the  model  by 
providing  two  nozzles.  The  in¬ 
creased  diameter  of  the  after¬ 
burning  nozzle  relative  to  the 
military  nozzle  compensates  for 
the  increased  temperature  of 
operation  so  that  the  same  primary 
mass  flow  is  obtained  at  about 
the  same  pressure.  The  sound 
level  survey  made  with  this  nozzle 
was  identical  to  that  described 
above  for  the  J-79  model  at 
military  operation. 
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2,  High  Pressure  Afterburning  Model 


A  water-cooled  nozzle  with  an  exit  diameter  of  l-l/2  inches  was  built  for 

operation  at  Mach  1«6  over  a  temperature  range  of  2000*  to  3000*F.  The  model 
afterburning  engine  was  placed  in  its  usual  horizontal  attitude,  but  8  feet  above 
ground.  Exhaust  was  direct  from  the  burner  through  the  nozzle.  This  provided 
an  essentially  free  field  exhaust  without  the  need  for  either  turning  the  extremely 
hot  gases  or  mounting  the  burner  vertically.  Octave  band  spectra  were  obtained  at 
test  points  in  the  horizontal  engine  plane,  from  the  nozzle  exit  to  l6  diameters 
downstream,  and  up  to  l6  diameters  sideways. 


C.  Helium  at  Ambient  Temperature 
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Use  of  helium  at  ambient  temperature  to  obtain  near  field  sound  level  data 
for  an  exit  Mach  number  of  1,6  required  solving  a  series  of  practical  problems. 

The  cost  of  the  gas  is  considerable,  but 
not  prohibitive  if  efficient  use  can  be 
=0  made  of  it.  Tine  only  sources  which  could 
be  conveniently  provided  were  bottles 
containing  three  pounds  of  helium  under 
2200  psi  pressure.  Twelve  cylinders  of 
helium  were  manifolded  together,  and 
connected  to  the  pressure  regulator, 
plenum,  and  nozzle  as  shown  in  Figure  23. 
The  plenum  was  used  to  minimize  shock 
noise,  valve  noise,  and  line  noise,  as 
well  as  to  provide  a  settling  chamber. 
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Figure  23 •  Schematic  diagram  of  helium 
test  apparatus. 
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Figure  2k •  Time  plot  of  plenum  pressure  and  sound 
pressure  level  during  a  helium  test. 


Manual  control  of  the 
plenum  pressure  was  con¬ 
sidered  to  be  not  feasible 
because  of  the  high  waste 
during  the  interval  of  pres¬ 
sure  adjustment.  A  j/h- 
inch  nozzle  was  used,  re¬ 
quiring  a  mass  flow  of  about 
l/h  pound  per  second.  The 
flow  was  controlled  by  a 
Puturecraft  Model  IiOO??  pres¬ 
sure  controlled  pressure 
regulator.  Satisfactory 
operation  was  achieved  for 
6  bursts  of  about  3  seconds 
duration  each.  Figure  2li 
presents  sample  time  records 
of  the  plenum  pressure  and 
exhaust  noise.  It  may  be 
seen  that  the  proper  pressure 
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was  achieved  quickly  and  maintained  steadily.  The  same  observation  applies  to 
the  time  history  of  noise.  For  the  particular  source  and  plenum  pressures  used, 
the  tenperature  change  due  to  the  throttling  process  across  the  pressure  regulator 
was  estimated  to  be  negligible.  The  adiabatic  expansion  in  the  cylinders  resulted 
in  a  temperature  drop  in  the  cylinders  and  plenum,  but  the  duration  of  individual 
bursts  was  limited  so  that  this  effect  was  also  negligible. 

Noise  level  data  were  obtained  for  test  points  in  the  near  field  at  the  same 
scaled  locations  as  used  with  the  high  pressure  afterburning  model  described  above. 
Octave  band  data  were  read  out  with  the  graphic  level  recorder  for  both  of  these 
test  series. 


D.  Steam 


A  four-inch  branch  line  was  taken  from  a  main  plant  steam  line,  supplying 
steam  to  the  plenum  shown  in  figure  19,  exhausting  vertically  into  a  free  field. 
Up  to  30  minutes  were  required  to  stabilize  the  temperature  and  pressure  in  this 


Figure  25.  Apparatus  using  steam  as 
a  substitute  gas. 
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plenum,  this  operation  consisting  of 
adjustments  to  the  valve  at  the  branch 
line  and  adjustments  of  the  steam  super¬ 
heater  controls.  Tbe  same  test  point 
locations  as  described  earlier  in  this 
section  for  the  heated  air  tests  employing 
various  sized  nozzles  were  used.  The 
general  arrangement  is  shown  in  figure  25* 
The  first  plenum  condition  used  provided 
superheated  steam  even  at  the  fully  expanded 
temperature.  An  additional  plenum  con¬ 
dition  provided  saturated  steam  in  the 
plenum  and  fully  expanded  steam  with 
water  content  at  the  nozzle  exit. 


E,  Liquid  Rockets 


A  lliO-pound  thrust  rocket  motor  was 
used  for  all  scale  model  liquid  rocket 
tests.  A  wide  variety  of  chemicals  could 
be  used  for  suitable  operation  of  this 
rocket  motor.  During  operation,  measure¬ 
ments  of  chamber  pressure,  oxidizer  and 
fuel  weight  flows,  and  engine  thrust  were 
routinely  obtained.  Combined  with  know¬ 
ledge  of  the  nozzle  geometry,  all  other 
rocket  performance  data  could  be  calculated. 
All  sections  of  the  motor  were  water  cooled, 
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1.  AR-1  Rocket  Model 


A  fuel  of  ethyl  alcohol-25^  water  was  combined  with  gaseous  osygen  to 
simulate  an  AR-1  rocket.  The  rocket  was  fired  horizontally,  10.5  inchfjs  above 
the  ground  plane.  Initial  firings  were  at  an  equivalence  ratio  (ratio  of  fuel 
to  oxidizer  relative  to  the  stoichiometric  ratio)  of  1.6.  This  ratio  was  then 
changed,  maintaining  the  same  total  weight  flow  and  chamber  pressure,  and 

additional  firings  were  made  at 
an  equivalence  ratio  of  I.l5. 

Figure  26  shows  the  test  set-up. 

The  two  rows  of  microphones  were 
placed  nominally  in  the  hori¬ 
zontal  engine  plane,  but  actually 
the  elevations  were  adjusted  some¬ 
what  so  that  the  outer  row  would 
not  suffer  from  any  shadowing  by 
the  inner  microphones.  As  the 
firings  were  each  of  one  minute 
duration,  direct  read  out  with  the 
true  rms  voltmeter  was  performed. 
Sovmd  levels  were  essentially 
constant  throughout  each  run,  and 
octave  band  levels  at  any  given 
test  point  were  nearly  always 
within  one  decibel  for  repeated 
firings. 

2.  Jupiter  Rocket  Model 

The  Jupiter  model  rocket 
utilized  kerosene  as  a  fuel  and 
gaseous  oxygen  as  an  oxidizer. 

The  rocket  was  fired  vertically 
downward  onto  a  scaled  bucket 
deflector,  with  the  subsequent 
deflected  exhaust  being  approxi¬ 
mately  horizontal,  10  inches 
above  the  ground.  Figure  27  shows 
the  test  set-up.  The  bucket  was 
water  cooled.  Erosion  of  the 

Figure  26.  Near  field  acoustic  measurement  bucket  surface  occurred  in  spite 
of  1/8  scale  model  AR-1  rocket,  of  this  cooling,  and  as  a  result 

the  firings  were  limited  to  approx¬ 
imately  l5  seconds  duration.  The  sheet  aluminum  wrapped  around  the  rocket  motor 
provided  a  reasonable  simulation  of  a  missile  skin,  at  least  when  compared  with 
the  highly  irregular  surfaces  of  the  model  rocket  motor  itself.  The  rocket  motor's 
water  cooling  lines  were  grouped  as  well  as  possible  to  eliminate  shadowing  of  any 
of  the  microphones.  Data  obtained  for  three  firings  of  this  configuration  repeated 
in  almost  all  instances  to  within  one  decibel.  Data  reduction  was  performed  by 
one-third  octave  bands,  and  after  observing  the  basically  regular  spectra  which 
were  obtained,  octave  band  reduction  from  l50  to  80,000  cps  was  performed  using 
the  true  rms  voltmeter. 


F.  Solid  Propellant  Rocket 


Sound  level  data  for  l/20, 

1/3,  and  full  scale  Minuteman 
rockets,  all  utilizing  essentially 
the  same  solid  propellant  grain, 
were  obtained  during  a  Minuteman 
development  program.  The  l/ 20 
scale  and  1/3  scale  firings  were 
for  fixed  positions  in  a  silo,  with 
firing  durations  of  one  second  and 
three  seconds,  respectively.  The 
full  scale  firings  were  "tethered” 
launchings  from  a  silo.  Water 
cooled  Photocon  microphones  were 
mounted  at  a  number  of  locations 
flush  with  missile  and  silo  surfaces. 

The  1/20  scale  cold  flow  tests 
used  Massa  M-213  crystal  micro¬ 
phones  mounted  flush  with  the 
silo  wall.  The  duration  of  each 
test  was  30  seconds.  TWo  types 
of  models  were  used  in  the  cold 
model  tests,  providing  full  scale 
Mach  number  and  pressure  ratio. 

Figure  27 •  Near  field  acoustic  measurement  respectively.  Various  emergence 
of  1/36  scale  model  Jupiter  rocket.  conditions  were  used  for  both 

models  to  simulate  the  full  scale 

missile  motion  and  the  other  two  subscale  test  programs.  The  nozzles  for  the  sub¬ 
scale  cold  flow  tests  had  area  ratios  less  than  the  full  scale  nozzles  so  as  to 
produce  the  same  nozzle  exit  pressure.  The  exit  diameters  of  all  of  the  subscale 
cold  flow  nozzles  were  approximately  l/20  of  the  full  scale  exit  diameter.  The 
pressure  ratio  model  mass  flow  was  approximately  3A  'the  Mach  number  model 
mass  flow. 
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V.  DISCUSSION  OF  RESULTS 


A.  Duplication  of  Full  Scale 


Ihe  most  iii?)ortant  question  concerning  the  use  of  acoustic  scale  models  for 
near  field  investigations  is  "Do  they  work?”  An  attempt  to  answer  this  question 
will  be  made  by  comparing  the  noise  fields  of  various  types  and  sizes  of  full 
scale  engines  with  the  noise  fields  measured  for  models  of  these  engines.  Some 
of  these  engines  are  exhausting  in  free  field  situations,  and  others  are  in  the 
presence  of  various  reflecting  and  interfering  surfaces.  As  far  as  possible 
microphone  positions  in  the  model  surveys  were  chosen  to  duplicate  exact  full 
scale  positions. 

The  method  which  has  been  chosen  to  compare  the  model  and  full  scale  resxilts 
is  to  obtain  the  differences  in  sound  level,  octave  by  octave,  between  model  and 
full  scale  measurements  at  each  scaled  microphone  location.  Before  making  this 
comparison  an  octave  measured  with  the  model  is  normalized  by  multiplying  its 
center  frequency  by  the  scale  factor.  The  datum  at  the  normalized  frequency  can 
then  be  compared  directly  with  the  measured  full  scale  datum.  The  resulting 
differences  are  averaged,  producing  the  average  agreement  between  model  and  full 
scale  in  any  octave.  Naturally,  averaging  differences  which  have  a  wide  ranging 
scatter  about  the  full  scale  data  must  be  avoided,  as  the  average  could  result  in  a 
misleading  appearance  of  excellent  agreement.  To  present  these  results  a  full 
scale  spectrum  which  is  typical  in  shape  and  level  is  chosen,  and  then  a  model 
spectrum  is  plotted  alongside,  separated  from  the  full  scale  spectinim  in  each 
octave  by  the  amount  of  the  average  agreement  previously  obtained. 

Prior  to  these  averaging  operations  the  model  data  were  examined  carefully, 
considering  (l)  spectrum  shape,  (2)  level  at  any  point  relative  to  nearby  points, 
and  (3)  repeatability  of  data  measured  more  than  once.  When  significant  deviations 
were  observed  by  any  of  these  check  methods,  the  irregular  data  were  deleted,  and 
measured  again  if  possible.  This  approach  to  qualifying  data  assumes  only  that 
the  noise  field  of  a  jet  engine  or  its  model  is  continuous  in  frequency  and  space, 
that  the  source  is  repeatable,  and  tiiat  measurements  are  made  at  more  than  one 
point. 


1.  J-37  Engine 

Reference  38  contains  results  of  a  complete  sound  level  survey  of  a  J-37  P-3 
engine.  To  simplify  the  process  of  comparing  these  sound  levels  with  the  levels 
measured  with  a  model  of  this  engine,  the  sound  level  contours  of  the  reference 
report  were  evaluated  at  each  of  23  positions  for  each  one-third  octave  band.  By 
this  means  an  octave  band  spectriun  was  reconstructed  for  each  of  the  23  test 
points,  and  direct  con^Jarisons  were  made  with  the  model  data  measured  at  these 
same  23  test  points.  Figure  28  presents  model  to  full  scale  comparisons  for  four 
areas  of  the  J-37  sound  field.  Each  area  represents  about  six  microphone  locations 
grouped  by  their  similarity  in  spectrum  shape  and  intensity.  In  general  good  agree¬ 
ment  is  observed,  with  the  model  appearing  consistently  high  in  the  highest 
frequencies. 
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igure  28.  Comparison  of  model  and  full  scale  sound  level  measurements  for  a  J-57 
turbojet  engine  at  four  locations.  Each  of  the  comparisons  shown  is  representa¬ 
tive  of  the  average  agreement  for  an  area  centered  about  the  point  shown  in  the 
diagram.  Full  scale  plenum  conditions  were  duplicated  by  the  model. 


2.  J-79  Engine 


Reference  39  includes  sound  level  measurements  of  a  TJ-79-3  engine  operating 
at  both  military  and  afterburning  conditions.  Again  the  full  scale  levels  were 
presented  in  the  form  of  sound  level  contours,  requiring  reconstruction  of  octave 
band  spectra.  As  the  levels  obtained  by  the  model,  both  for  military  and  after¬ 
burning  operation,  were  observed  to  be  consistently  much  higher  than  the  full 
scale  levels,  the  usual  averaging  process  was  bypassed.  Instead  Figxrre  29 
presents  model  and  full  scale  spectra,  military  and  afterburning,  for  a  test 
point  near  the  nozzle  and  for  another  point  downstream.  The  test  points  shown 
are  typical  in  that  they  show  the  range  of  differences  observed.  The  magnitude 
of  the  model  to  full  scale  sound  level  differences  shown  in  Figure  29  is  a  unique 
result.  The  nozzle  of  the  J-79  (see  Flgrire  22)  is  a  complex  variable  orifice, 
primary- second ary  nozzle  arrangement,  with  cooling  air  being  drawn  in  between  the 
primary  and  secondary  nozzles.  Because  of  the  possibility  that  this  arrangement 
might  have  a  significant  effect  on  the  exhaust  noise  produced,  it  was  di5)licated  in 
the  model  nozzles,  instead  of  using  just  a  convergent  nozzle.  Further,  model  inves¬ 
tigations  were  made  a  step  at  a  time  to  delete  the  cooling  air  and  the  secondary 
nozzle.  Tliese  changes,  combined  with  adjustments  in  the  plenum  conditions  to  account 
for  possible  errors  at  that  point,  affected  the  noise  field  a  small  amount,  but  not 
nearly  enough  to  account  for  the  large  differences  observed.  It  was  also  observed 
that  the  l/8  scale  model  J-79  at  military  condition  produced  a  noise  field  similar 
to  that  of  the  l/8  scale  model  J-57  described  above,  as  would  be  expected  in  view 
of  their  comparable  sizes  and  exit  velocities.  The  full  scale  data  for  J-57  and 
J-79  military  engines  are  significantly  different  however.  A  possible  explanation 
for  the  lack  of  agreement  by  the  l/8  scale  J-79  models  is  the  failure  of  the  model 
to  duplicate  some  dimension  or  flow  between  the  primary  and  secondary  nozzles. 

3.  AR-1  Liquid  Rocket 

Measurement  of  the  AR-1  rocket  noise  field  is  reported  in  Reference  IjO,  This 
rocket  uses  a  JP-type  fuel  and  hydrogen  peroxide  oxidizer.  The  model  facility 
which  was  to  be  used  could  not  conveniently  handle  hydrogen  peroxide,  so  ethyl 
alcohol-25/6  water  and  gaseous  oxygen  were  used  instead.  This  combination  generates 
approximately  the  same  specific  impulse  as  does  the  full  scale  combination.  An 
additional  specification  for  the  model  was  that  it  operate  at  about  1.2  equivalence 
ratio  to  simulate  the  full  scale  rocket.  This  resulted  in  model  sound  levels  in 
very  good  agreement  with  the  full  scale  sound  levels,  as  shown  in  Figure  30  (upper)* 

The  model  was  also  operated  at  an  equivalence  ratio  of  1.6  to  provide  a  check 
of  the  sensitivity  of  the  noise  field  to  equivalence  ratio.  Slightly  higher  sound 
levels  resulted  in  this  case,  as  shown  in  Figure  30  (lower).  An  additional  obser¬ 
vation  was  made  that  the  total  radiated  power  level  was  about  5  db  greater  when 
the  higher  equivalence  ratio  was  used.  It  was  concluded  that  re-ignition  of  the 
surplus  fuel  which  is  present  when  using  high  equivalence  ratios  was  responsible 
for  these  observations.  The  location  of  this  re-ignition  noise  source,  and  its 
directivity,  could  account  for  the  different  effects  on  near  field  and  far  field 
sound  levels.  Apparently,  then,  equivalence  ratio  of  a  model  should  duplicate 
that  of  its  full  scale  counterpart  quite  closely. 

U.  B-52  Airplane 

Figure  31  shows  the  results  of  extensive  B-$2  testing,  l/lO  scale  model  and 
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OCTAVE  BAND  SOUND  PRESSURE  LEVEL  IN  DB  RE  0.  0002  MICROBAR 


OCTAVE  BAND  CENTER  FREQUENCY  X  SCALE  FACTOR  IN  CPS 


Figure  30,  CoiTipa.rison  of  model  suid  full  scale  average  sound  levels 

measured  for  an  AR-1  liquid  rocket.  The  model  liquid  rocket  utilized 
a  different  fuel  and  oxidizer  than  the  full  scale  rocket.  Two  model 
rocket  conditions  were  used,  differing  in  exit  velocity  and  amount  of 
downstream  re-ignitipn.  The  re-ignition  is  believed  responsible  for 
the  slightly  higher  model  data  in  the  lower  set  of  curves. 
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full  scale.  Since  testing  resulted  from  the  process  of  designing  a  noise  suppressor, 
data  are  available  for  two  completely  different  nozzles  on  the  same  engines.  With 
both  types  of  nozzles  the  resulting  sound  levels  on  the  under  surface  of  the  wing 
show  good  agreement  model  to  full  scale.  Contours  of  suppression  (the  differences 
between  standard  and  suppressor  sound  levels)  on  the  underside  of  the  airplane  wing 
for  the  frequency  band  of  150  -  600  cps  are  also  shown  in  Figure  31.  In  this 
respect  also,  good  model  to  full  scale  agreement  is  evident, 

5.  Jupiter  Liquid  Rocket 

Sound  level  data  measured  near  I/36  scale  model  and  full  scale  Jupiter  missiles 
are  presented  in  Figures  32  and  33*  This  model  was  built  to  a  smaller  scale  factor 
than  any  other  model  described  in  this  report.  The  full  scale  data  are  from 
Reference  lil.  In  Figure  33,  octaves  of  frequency  above  and  below  the  spectrum  peak 
frequency  are  plotted  versus  position  along  the  missile  for  model  and  full  scale 
measurements.  The  low  frequencies  match  quite  well,  diverging  somewhat  toward  the 
top  of  tile  missile.  In  the  higher  frequencies  there  is  a  consistent  difference 
between  model  and  full  scale  levels.  At  a  scaled  elevation  of  23  feet  the  model 
was  measured  on  both  sides  of  the  missile.  Whereas  good  agreement  between  opposite 
sides  of  the  missile  v:as  observed  full  scale,  the  corresponding  agreement  was 
obtained  only  in  the  lower  frequencies  for  the  model.  Inaccurate  placement  of  the 
model  bucket  deflector  could  be  responsible. 

Correlation  data  were  also  obtained  with  the  model  Jupiter.  Model  and  full 
scale  results  are  plotted  in  Figure  3U,  Considering  that  the  most  important  pur¬ 
pose  of  model  correlation  data  probably  will  be  to  establish  the  first  zero 
crossing,  the  agreement  shown  is  good.  In  the  lower  part  of  Figure  3U,  significant 
differences  in  the  correlation  curves  in  the  region  of  200  cps  are  apparent.  How¬ 
ever,  on  the  basis  of  the  analysis  given  in  Reference  I4I,  a  frequency  of  oscillation 
and  a  symmetry  about  zero  correlation  similar  to  those  shown  for  the  model  data 
are  to  be  expected.  Three  repeated  firings  of  the  model  rocket  produced  this  part 
of  the  curve  with  negligible  variation  in  frequency  or  magnitude. 

6.  Minuteman  Solid  Propellant  Rocket 

Sound  level  data  measured  for  l/20,  I/3,  and  full  scale  solid  propellant 
Minuteman  firings  in  a  silo  are  shown  in  Figure  33 •  In  each  chart  a  test  point 
at  a  specific  location  on  the  missile  has  been  selected  for  a  particular  emergence 
of  the  missile.  Each  spectrum  is  the  average  of  two  or  more  determinations.  In 
contrast  to  most  other  model  tests  the  same  type  of  microphone  (with  limited  high 
frequency  capability)  was  used  for  all  three  missile  sizes.  This  accounts  for 
the  lack  of  high  frequency  model  data  in  Figure  33.  The  full  scale  sound  levels  in 
many  cases  varied  rapidly  in  time  due  to  the  missile  motion.  It  was  necessary  to 
read  these  data  at  estimated  positions  on  the  time  scale  in  order  to  permit  com¬ 
parison  at  the  specific  emergences  used  by  the  static  subscale  models. 

Sufficient  data  were  obtained  on  each  of  the  three  test  programs  to  enable 
sound  level  versus  position  on  the  missile  to  be  established  at  all  frequencies 
and  missile  emergences.  A  sanpling  of  these  data  is  presented  in  Figure  36, 

The  magnitude  and  time  duration  of  the  transient  pressure  pulse  which 
occurs  immediately  following  ignition  of  the  solid  propellant  rocket  in  the 
silo  is  shown  for  I/3  and  full  scale  firings  in  Figure  37.  The  similarity  of 
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SOUND  PRESSURE  LEVEL  IN  DB  SOUND  PRESSURE  LEVEL  IN  DB 


Figure  32.  Model  and  full  scale  sound  level  measurements  for  the  Jupiter 
liquid  rocket.  Results  represent  the  average  agreement  observed  at 
six  elevations  along  the  missile. 


Figure  33.  Sound  level  versus  elevation  for  the  model  and  full  scale 
Jupiter  missiles  exhausting  over  a  bucket  deflector. 
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CORRELATION  COEFFICIENT 


Figure  34.  Model  and  full  scale  determinations  of  correlation  coefficient 
for  the  Jupiter  liquid  rocket. 
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RELATIVE  PRESSURE  -  ARBITRARY  UNITS  PRESSURE  -  PSIG 


the  pressure  pulses  is  apparent.  Comparable 
data  were  not  obtained  with  the  l/20  scale 
model  because  of  detailed  differences  in 
instrumentation  techniques.  Pressure  pulse 
data  obtained  on  the  1/3  scale  model  program 
for  two  silo  diameters  permit  an  experimental 
check  on  the  theoretical  trend  in  pulse  mag¬ 
nitude  relative  to  silo  diameter,  as  dis¬ 
cussed  in  Section  II.  The  results  are 
shown  in  Figure  38. 

It  is  concluded  that  the  model  tech¬ 
niques  used  in  this  unusual  environment 
produced  satisfactory  results. 


B,  Simplification  of  Models 


Having  established  that  the  noise  field 
of  a  model  fairly  well  matches  the  noise 
field  of  its  full  scale  counterpart,  it  is 
appropriate  to  consider  possible  model  sim¬ 
plifications,  most  of  which  result  in  reduced 
costs.  Aspects  of  models  which  hold  promise 
for  simplification  are  reduced  model  size,  use  of  lower  temperatures,  elimination 
of  complex  surfaces  (or  compatibility  with  existing  surfaces),  and  use  of  less  than 

the  full  number  of  engines. 


Figure  37 •  Minuteman  transient 
pressure  pulse. 


figure  38.  Experimental  and 
theoretical  trends  in  Minuteman 
transient  pulse  magnitude. 


1,  Model  Size 

Because  of  its  direct  bearing  on  costs, 
the  suitability  of  using  smaller  models  is 
the  most  inportant  simplification  to  consider. 
This  would  be  particularly  important  when  a 
cluster  of  nozzles  is  required.  The  results 
of  tests  using  a  model  turbojet  militaiy 
condition  with  four  sizes  of  nozzles  are 
shown  in  Figure  39.  It  appears  that  no 
limiting  size  has  been  reached  by  these 
nozzles.  Tne  only  problem  which  appeared 
in  using  these  nozzles  is  the  limited  high 
frequency  capability  of  the  instrumentation. 

If  the  data  for  the  smallest  nozzle  could 
have  been  measured  at  all  of  the  scaled  fre¬ 
quencies  used  for  the  largest  nozzle,  a 
correction  for  absorption  coefficient  would 
have  been  necessary. 

The  critical  nature  of  the  microphone 
positioning  is  brought  into  perspective  by 
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pointing  out  that  for  the  smallest  nozzle,  microphones  positioned  one  inch  apart 
obseirved  sound  level  differences  as  large  as  10  db  in  some  frequencies,  whereas  for 
the  largest  nozzle  this  10  db  difference  was  observed  by  microphones  eight  inches 
apart.  Since  the  noise  field  for  each  nozzle  was  measured  just  once,  relatively 
small  errors  in  positioning  the  microphones  relative  to  the  jet  exhaust  for  the 
smallest  nozzles  rapidly  results  in  sound  level  differences  of  the  order  of  2  db, 

2.  Use  of  Air  at  Reduced  Temperature 


Cold  Minuteman 

The  use  of  cold  air  is  the  simplest  type  of  model  which  one  can  consider. 

A  number  of  cold  air  model  tests  had  been  performed  in  the  early  development  of 
the  Minuteman  missilej  these  tests  were  intended  to  show  qualitative  differences  in 
effects  of  silo  diameter,  base  shape,  level  versus  location  on  missile,  and  level 
versus  emergence  of  the  missile.  After  comparing  results  of  these  tests  with  the 
hot  model  test  results,  it  was  concluded  that  the  cold  flow  data  were  not  too 
meaningful.  However,  the  early  coid  flow  tests  used  air  at  much  lower  pressures, 
and  therefore  lower  Mach  number,  than  full  scale  values.  The  result  of  the  analyt¬ 
ical  studies  indicated' that  use  of  such  a  model  at  full. scale  Mach  number  would 
at  least  be  an  improvement,  if  not  a  completely  valid  technique.  In  addition, 
since  the  exhaust  gas  flow  is  at  high  velocity  on  the  silo  surface,  duplication 
of  the  dynamic  pressure  in  the  silo  might  yield  full  scale  sound  levels.  Models 
for  performing  these  types  of  tests  were  available,  and  so  acoustics  measurements 
with  them  were  made  to  see  if  improved  results  could  be  obtained. 

A  sampling  of  the  data  obtained  is  presented  in  Figure  UO.  Neither  the 
model  which  duplicated  dynamic  pressure,  PV^,  nor  the  model  which  duplicated  exit 
Mach  nunfcer,  produced  sound  levels  very  close  to  full  scale  values.  Although  some 
characteristics  of  the  full  scale’  data  such  as  changes  in  level  with  position  or 
emergence  are  observed,  these  results  were  not  consistently  obtained. 

Simulation  of  Vertical  Take-Off 

If  the  changes  in  level  for  a  particular  change  in  geometry  are  expected  to 
be  dramatic,  as  with  an  engine  in  vertical  take-off,  a  useful  singjlification 
would  be  to  use  a  model  which  operated  at  a  lower  temperature.  Results  of  such 
an  experimental  investigation  are  shown  in  Figure  1*1,  One  exhaust  condition 
corresponds  to  a  turbojet  military  condition,  and  the  other  two  conditions  duplicate 
Mach  number  or  velocity  of  the  first  condition,  but  operate  at  a  lower  temperature. 
While  similar  characteristics  are  observed  for  different  exhausts  at  some  frequen¬ 
cies,  in  general  the  changes  in  sound  level  are  dependent  upon  which  exhaust  is 
being  used.  These  observations  are  supported  by  other  data  not  reported  in  Figure 
1*1,  It  may  be  concluded  that  the  soxmd  level  changes  during  a  vertical  launch  of 
any  type  of  engine  will  not  be  reliably  duplicated  by  a  model  operating  at  signifi¬ 
cantly  different  nozzle  exit  conditions. 
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3.  Use  of  a  Substitute  Gas 


Helium 

Figure  42  compares  near  field  soxmd  levels  measured  with  a  3/4-inch  helium 
jet,  ajid  a  1  l/2-inch  high  pressure  afterburning- type  jet.  These  two  sources  oper¬ 
ated  at  the  same  exit  Mach  number  and  at  nearly  the  same  exit  velocity  and  density. 
Plenum  and  exit  conditions  are  tabulated  below. 


TABLE  II 


Plenum  and  Exit  Conditions  for  Helium 

and  Heated  Air  Models 

GAS 

TOTAL 

TEMP.(®F.) 

MACH 

NO. 

VELOCITY 

(ft/sec) 

DENSITY 

(lb/cu.ft) 

(a)  Hot  Air 

3070 

1.6 

3860 

.015 

(b)  Helium 

60 

1.6 

3860 

.0195 

(c)  Hot  Air 

2320 

1.6 

3440 

.0195 

(d)  Hot  Air 

2800 

1.6 

3720 

.016 

Conditions  (a)  and  (c)  above  were  planned  to  duplicate  the  exit  velocity  and 
density  of  the  helium  exhaust,  respectively,  and  therefore,  the  initial  plains  were 
that  two  experimental  checks  would  have  been  available,  each  requiring  correction 
for  only  one  parameter.  However,  for  the  particular  combination  of  mass  flow  and 
pressure  required  by  the  1  l/2-inch  nozzle,  it  was  found  that  the  burner  could  not 
be  operated  at  temperatures  above  3000®P.  This  required  substituting  condition  (d) 
for  condition  (a),  so  that  the  velocity  of  the  helium  was  not  matched  exactly. 

In  order  to  compare  the  sound  levels  between  the  helium  and  hot  air,  it  is 
necessary  to  evaluate  the  small  sound  level  corrections  necessary  to  account  for 
the  differences  in  density  and  velocity.  Since  the  difference  in  level  between 
conditions  (c)  and  (d)  was  approximately  2  db  at  all  near  field  test  points  and 
frequencies,  the  assumption  of  a  first  power  correction  for  density  as  indicated  in 
equation  (l2)  enables  an  experimental  determination  of  the  velocity  exponent  to  be 
made.  This  method  avoids  the  necessity  of  arbitrarily  selecting  exponents  which 
might  not  apply  to  the  particular  velocity  range  and  near  field  test  point  loca¬ 
tions  used.  An  even  more  accurate  determination  of  the  velocity  exponent  could  be 
made  by  obtaining  data  at  additional  plenum  conditions  in  the  same  range.  The 
velocity  exponent  calculated  by  this  experimental  comparison  of  (c)  and  (d)  is 
about  7* 

The  spectra  plotted  in  Figure  42  are  for  conditions  (b)  and  (d)  tabulated 
above,  with  appropriate  corrections  included.  A  similar  comparison  of  (b)  and  (c) 
(not  shown)  yields  an  almost  identical  plot.  Use  of  different  exponents  to  estab¬ 
lish  the  corrections  would  have  resulted  in  agreement  nearly  as  good  as  that 
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presented.  The  reason  of  course  is  that  the  velocities  and  densities  for  condi¬ 
tions  (b),  (c)  and  (d)  are  all  fairly  close  to  each  other. 

Steam 


The  near  field  data  obtained  for  20  test  points  in  the  near  field  of  compar¬ 
able  heated  air  jets  and  superheated  steam  jets  are  summarized  in  the  upper  part 
of  Figure  43.  The  Mach  number,  exit  velocity,  and  exit  densities  of  both  types  of 
jets  were  virtually  identical,  so  no  mathematical  corrections  were  necessary  as 
with  the  helium-heated  air  comparison.  The  agreement  on  the  basis  of  all  20  data 
points  is  perhaps  misleading.  In  tabulating  the  differences  between  the  sound 
levels  measured  at  each  test  point  with  each  source,  it  was  observed  that  the 
agreement  for  a  test  point  tended  to  be  either  quite  close  at  all  frequencies  or 
considerably  different  at  all  frequencies.  The  data  were  then  divided  into  two 
groups:  eleven  points  showed  agreement  of  the  data  measured  by  the  steam  jet  rela¬ 
tive  to  the  heated  air  jet  to  be  within  about  3  db  at  all  frequencies;  the  remain¬ 
ing  nine  test  points  were  different  by  about  5  to  10  db  at  all  frequencies.  These 
latter  nine  points  were  not  located  in  any  particular  geometric  pattern  which  would 
permit  a  difference  in  directivity  by  the  two  jets  to  account  for  their  lack  of 
agreement.  Neither  was  there  the  possibility  of  ruling  them  out  on  the  basis  of  an 
octave  band  level  comparison  with  the  nearby  test  points.  In  spite  of  this, 
results  for  the  eleven  test  points  chosen  solely  on  the  basis  of  their  good  agree¬ 
ment  have  been  plotted  in  the  lower  part  of  Figure  43.  The  fact  that  11  of  these 
20  points  show  very  good  agreement  is  believed  significant,  as  it  appears  that 
basically  dissimilar  noise  sources  could  not  coincidentally  produce  the  same  noise 
field  at  half  of  the  test  points  for  which  data  were  obtained.  It  is  concluded  that 
superheated  steam  is  deserving  of  further  consideration  as  a  possible  useful  substi¬ 
tute  to  heated  air  in  modeling  turbojet  exhausts. 

One  additional  set  of  data  obtained  in  the  investigations  with  steam  should  be 
mentioned.  Near  field  measurements  with  saturated  steam  for  a  model  exhaust, 
rather  than  superheated  steam  as  above,  were  compared  with  measurements  at  the  same 
test  points  for  a  heated  air  jet  operating  at  the  same  exit  Mach  niimber,  velocity, 
and  density.  In  this  situation  the  sound  levels  produced  by  the  steam  jet  were 
comparable  in  the  low  frequencies,  but  6  to  10  db  less  in  the  high  frequencies  when 
compared  with  the  levels  produced  by  the  heated  air  jet.  This  tends  to  confirm  the 
general  opinion  that  saturated  steam  does  not  possess  sufficient  similarity  to  a 
turbojet  exhaust  to  permit  its  use  as  an  acoustic  scale  model.  It  should  be  noted 
that  the  relationship  between  temperature  and  pressure  for  saturated  or  wet  steam 
is  such  that  Mach  number,  velocity,  and  density  of  any  realistic  engines  cannot  be 
duplicated. 


4.  Reflection 


Observations  at  a  Surface 

The  results  of  measurements  vdiich  were  made  in  the  presence  and  absence  of  a 
solid  surface  are  tabulated  in  Table  III. 
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TABLE  III 


Increase  in  Sound  Levels  Measured  Flush  with  a  Solid 

Surface  Relative  to  the  Levels  Measured  at  the  Same  Place 
in  the  Absence  of  the  Surface. 

Octave 

Band  (CPS) 

500- 

600 

600- 

1200 

1200- 

2400 

2400- 

4800 

4800- 

lOK 

10- 

20K 

20- 

40K 

40- 

80K 

Measurement 

Plane  Parallel  to 
Nozzle  Exit  Plane 

5.4 

5.2 

2.4 

1.1 

1.9 

0.8 

1.3 

1.5 

Measuranent 

Plane  Parallel  to 
Jet  Axis 

3.8 

5.0 

3.7 

2.2 

1.5 

1.3 

2.1 

1.9 

a 


Values  tabulated  are  averages  of  about  20  determinations, 


in  db. 


The  main  conclusion  which  may  be  drawn  from  these  experimental  results  is  that 
the  levels  at  a  surface  are  consistently  higher  than  in  free  field,  regardless  of 
position  in  the  field  or  plenum  condition,  and  further,  the  amount  of  this  increase 
is  not  readily  predictable.  Being  in  the  near  field  makes  it  impossible  to  exactly 
define  the  location  of  a  source,  and  therefore  incidence  corrections  applied  to  a 
microphone  will  have  limited  accuracy.  In  such  cases  an  actual  measurement  at  the 
surface  is  to  be  preferred  over  a  free  field  measurement  which  is  corrected  for  the 
surface  effects. 

Observations  Near  a  Surface 

Figures  44  and  45  show  the  results  of  measurements  made  near  a  jet  noise 
source,  with  and  without  a  reflecting  surface  nearby.  For  comparison  a  curve 
showing  the  form  of  the  effect  to  be  expected  theoretically  is  included  in  each 
chart.  These  latter  curves  are  taken  from  Figure  12.  An  interpretation  of  a 
theoretical  curve  is  that  it  shows  the  effect  to  be  expected  with  a  simple  noise 
source  if  a  frequency  sweep  were  to  be  made  with  a  bandwidth  of  one  octave. 
Similarly,  by  referring  to  Figure  4  it  is  apparent  that  a  similar  frequency  sweep 
with  a  bsindwidth  of  one-third  octave  would,  for  a  simple  source,  result  in  am 
effect  with  major  maxima  and  minima  at  about  the  same  dimensionless  frequency  as 
for  the  octave  band  situation,  but  with  increased  amplitude.  Since  the  jet  noise 
source  is  much  too  complex  to  qualify  as  a  simple  source,  it  is  to  be  expected  that 
octave  band  experimental  results  will  not  be  as  clearly  defined  as  are  the  theoret¬ 
ical  curves.  Therefore,  the  experimental  data  were  reduced  by  one-third  octave 
bands.  A  comparison  between  the  experimental  and  theoretical  amplitudes  of  the 
maxima  and  minima  are  then  valid  only  so  far  as  to  indicate  order  of  magnitude. 

The  frequencies  at  which  the  first  few  oscillations  occur  should  be  the  same 
however. 

In  Figure  44  the  receiver  which  shows  the  better  agreement  with  theory  is  the 
receiver  between  the  source  and  surface  (No.  l).  Receiver  No.  2  was  separated  from 


WARD  TR  61-178 


70 


jC 

fS 


o 

u 

D 

a 

M 

cq 

(n 

I 

o 

m 

Z 

u 


z 

o 

z 


u 

0) 

> 

> 

•  r*4 

•  w-i 

4) 

<u 

O 

u 

«> 

0) 

u 

1 

Pi 

t) 

v> 

o 

Id 

u 

&o 

3 

3 

o 

•  r4 

m 

> 

•  r^ 

u 

43 

u 

H 

at 

0) 

• 

n 

•o 

V 

> 

M 


10 

•-'  ®  'S 
0)  -M  o 
>  o  a 

VI  «) 

TJ  ®  V* 

3  ed  « 

O  u  W 

0)  « 

C  2  H 
o  i 

4J  fl)  • 

rt  ^ 


a> 

M  id 


H 


0> 


M  :5 

3  .t! 

ID  ^ 

SP-o 

.5  ^ 

-E»  u 
u  Id  J5  (u 
«  0i  da 
5:3  g  ^  lU 
«  o  ^ 

n  oo  V. 

”*  ®  °  W) 
VI  h 

O  Id  II  5 

10  0)  s  ^ 
•*■»  u  43 
O 

«  <S  -  ro 

v3  ^  Oi  V 

u  2  •:3  “ 

«  2  rt 

■»f  5  o  ^ 
-t  .;J  <M 

«  !d  ^  • 

^  S  ®  o 

S,  3  >4  ^ 


(*l 


WADD  TR  61-178 


71 


the  surface  by  the  exhaust,  so  any  noise  reflected  to  it  had  to  pass  throu^  or 
around  the  exhaust.  In  Figure  45  the  experimental  effects  are  less  pronounced. 

As  the  value  of  the  parameter  2h/r  is  increased,  the  magnitude  of  the  effects 
decreases  as  expected.  Examination  of  the  data  in  Figures  44  find  45,  as  well  as 
data  for  other  values  of  2h/r  not  included  here,  indicates  that  the  effects  are 
relatively  small  for  values  of  2h/r  of  about  2  or  greater.  The  importance  of  a 
nearby  reflecting  surface  may  be  estimated  on  the  basis  of  the  results  reported 
here.  If  a  preliminary  calculation  indicates  that  some  effect  of  reflection  might 
occur  in  a  given  situation,  considering  frequency  as  well  as  geometry',  it  is  recom¬ 
mended  that  the  surfaces  be  "included  in  the  model. 

5.  Multiple  Sources 

Soimd  Levels 

Figure  46  presents  a  sampling  of  the  types  of  data  obtained  from  a  pair  of 
model  jet  engines.  Included  is  a  comparison  of  the  average  octave  spectra  obtained 

at  any  specific  point  (l)  by  measuring  with  two  engines  and  (2)  by  summing  two 

measurements  from  one  engine.  The  data  in  the  upper  part  of  Figure  46  are  for  two 
engines  separated  by  two  nozzle  diameters,  very  nearly  the  minimum  spacing  attain¬ 
able  with  jet  engines.  The  intersection  of  the  velocity  boundaries  of  these  two 
engines  (if  this  boundary  is  assumed  to  diverge  at  8°  from  the  nozzle  lip^®)  is 
3  1/2  nozzle  diameters  downstream  from  the  nozzle  exit.  The  major  part  of  the 
noise  generated  by  these  nozzles  is  probably  generated  downstream  of  this  point. 

The  data  in  the  lower  part  of  Figure  46  are  for  two  engines  separated  by  eight 

nozzle  diameters.  If  the  same  8®  divergence  of  the  velocity  boundary  is  assumed  to 

hold,  the  two  exhaust  streams  will  intersect  about  25  diameters  downstream.  Actual¬ 
ly  such  an  angle  of  divergence  is  probably  only  realistic  for  a  few  diameters  down¬ 
stream.  In  any  event  the  noise -producing  portion  of  each  exhaust  stream  is  clearly 
separated  from  that  of  the  other  nozzle. 

The  left  side  of  Figure  46  shows  typical  data  obtained  for  test  points  which 
receive  comparable  amoxmts  of  energy  from  each  engine.  In  one  case  the  test  point 
was  symmetrically  located,  so  the  measuranait  from  each  engine  was  assumed  to  be 
identical,  and  the  sum  of  the  two  separate  outputs  at  this  point  is  just  5  db 
higher  than  the  output  for  one  of  the  engines.  The  data  in  the  right  side  of 
Figure  46  are  for  test  points  for  which  considerably  higher  sound  levels  are 
measured  from  one  engine  than  from  the  other.  In  this  case  the  sum  is  only  slight¬ 
ly  higher  than  the  contribution  from  the  closer  eigine. 

In  general  it  appears  that  data  measured  for  two  engines  operating  simultane¬ 
ously  are  somewhat  higher  in  level  than  the  levels  calculated  on  the  basis  of  two 
measurements  from  one  engine.  This  result  seems  to  be  independent  of  the  location 
of  the  test  point  in  the  noise  field.  As  shown  in  Figure  46  the  relationship  be¬ 
tween  levels  measured  and  calculated  was  closer  for  the  wider  spacing  of  the  two 
engines,  but  only  b^  a  small  amount.  In  addition,  the  measured  and  calculated 
values  are  in  slightly  closer  agreement  at  the  higher  frequencies  than  at  the  low 
frequencies.  Data  obtained  for  engines  spaced  four  nozzle  diameters  apart  (not 
shown)  tend  to  agree  with  these  observations. 

It  appears  that  the  technique  of  calculating  the  levels  from  two  engines 
operating  simultaneously  by  measuring  only  one  engine  is  useful  in  the  event  that 
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Figure  46.  Comparison  of  sound  levels  measured  for  two  engines  operating  simultan 
eously  and  sound  levels  calculated  by  summing  two  measurements  each  from  a 
single  engine. 


two  engines  cannot  be  provided.  The  technique  becomes  less  suitable  as  the  engines 
are  placed  closer  together.  These  results  are  in  agreement  with  the  B-52  model 
test  teclmique  which  duplicated  both  engines  spaced  very  close  together,  but  summed 
mathematically  the  noise  fields  from  nacelles  (pairs  of  engines)  which  were  widely 
separated  (see  Figure  31 )• 

Space  Correlation 

Coefficients  of  space  correlation  measured  in  the  nozzle  exit  plane  for  pairs 
of  model  engines  are  plotted  in  Figure  4?.  In  each  case  the  coefficients  obtained 
when  operating  only  one  engine  of  the  pair  are  also  plotted.  It  is  concluded  that 
two  independent  sources  produce  nearly  the  same  plot  of  correlation  coefficient  as 
does  one  source,  for  a  symmetrical  situation.  For  the  two-nozzle-diameter  spacing 
of  engines,  the  higher  frequency  sources,  if  assmned  to  be  no  more  than  about  five 
diameters  downstream,  are  still  fairly  well  separated.  The  low  frequency  sources, 
being  ten  or  more  diameters  downstream,  more  nearly  appear  to  be  a  new  complex 
source.  This  could  account  for  the  greater  difference  between  one  and  two  engine 
results  indicated  in  the  upper  left  chart.  The  possibility  is  suggested  that 
measurements  of  space  correlation  could  serve  to  establish  whether  it  is  appro¬ 
priate  to  sum  sound  levels  for  particular  spacings  and  frequencies  of  a  pair  of 
engines.  It  is  possible  that  detection  of  such  effects  would  be  simpler  for 
spacings  as  close  as  those  used  in  nozzle  clusters,  or  for  a  correlation  determin¬ 
ation  along  some  other  symmetrical  line,  such  as  parallel  to  and  close  to  the 
exhaust  axes. 


C.  Measurement  Repeatability 


Data  were  obtained  more  than  once  for  a  niunber  of  the  model  tests.  The 
standard  deviation  of  the  difference  between  any  given  measurement  value  and  the 
average  value  obtained  for  that  test  point  and  specific  noise  source  has  been  cal¬ 
culated  for  a  sampling  of  different  types  of  tests.  Table  IV  shows  these  values. 

Repeated  firings  of  the  model  Jupiter  rocket  were  all  accomplished  within  a 
few  hours,  and  the  positions  of  the  microphones  and  rocket  were  undisturbed  during 
that  interval.  The  statistics  presented  below  for  Jupiter  then  indicate  that  the 
repeatability  of  the  model  rocket  as  a  noise  source  was  very  good.  The  measure¬ 
ments  presented  for  flush-mounted  microphones  were  separated  by  several  weeks; 
therefore,  these  measurements  include  (l)  the  effects  of  any  long  term  instabili¬ 
ties  in  the  measurement  electronics,  (2)  the  lack  of  repeatability  of  the  noise 
source,  and  (3)  inability  to  exactly  position  the  measurement  locations  relative  to 
the  noise  source  at  some  later  date.  Differences  involved  in  the  free  field 
statistics  were  from  data  obtained  on  a  given  date.  The  variations  indicated  under 
"fixed  microphones"  are  due  then  primarily  to  minor  variations  in  the  noise  source 
at  a  slightly  later  time  and  to  the  random  differences  in  reading  the  sound  level 
indicating  meter.  The  "re-positioned  microphones"  data  were  measured  a  short  time 
after  the  "fixed  microphone"  data  were  taken,  but  in  the  meantime  all  of  these 
microphones  had  been  removed  from  their  mounts  and  then  replaced;  this  required 
that  the  location  in  space  for  each  microphone  be  established  a  second  time.  The 
data  under  "different  microphones"  were  obtained  on  a  given  date  by  placing  three 
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Figure  47.  Space  correlation  measured  on  a  line  of  symmetry  between  two  nozzles 
operating  simultaneously,  compared  with  the  space  correlation  measured  at  the 
same  place  with  only  one  of  these  nozzles  operating. 


TABLE  IV 


Standard  Deviation  of  the  Difference  in  DB  between  Repeated 
Determinations  of  Octave  Band  Sound  Levels  at  a  Point  and 
the  Average  Value  Obtained  for  that  Octave  and  Point 


Heated  Air  Jet  Source 

(1) 

Jupiter 
model 
'  rocket 

(2) 

Plush 

mounted 

microphones 

Free  Field  Measurements 

Octave  Band 
(cps) 

(3) 

Fixed 

microphones 

Re-positioned 

microphones 

(5) 

Different 

microphones 

150-500 

0.9 

— 

0.5 

0.4 

1.5 

500-600 

0.5 

0.7 

0.6 

0.4 

1.1 

600-1200 

0.5 

0.7 

0.5 

0.4 

0.9 

1200-2400 

0.4 

0.6 

0.5 

0.4 

0.8 

2400-4600 

. 0.4 

0.7 . - 

- 0.-5 

0.6 

1.1 

4800-10K 

0.9 

0.8 

0.5 

0.6 

1.4 

10K-20K 

0.7 

0.6 

0.5 

0.7 

2.0 

20K-40K 

0.4 

0.7 

0.5 

0.7 

1.6 

40K-80K 

0.4 

0.8 

0.3 

0.9 

2.6 

Sample  sizes:  Jupiter  -  7  points,  5  times;  flush  microphones  -  5^  points,  twice; 
fixed  microphones  -  25  points,  twice;  re-positioned  microphones  -  25  points, 
twice;  different  microphones  -  17  points,  5  times. 


microphones  successively  at  a  given  test  point.  Thus  in  this  case  calibration 
errors  are  added  to  the  causes  of  differences  already  stated. 

Although  the  size  of  the  samples  is  not  as  large  as  is  required  for  complete 
interpretation,  for  columns  (l)  through  (4)  it  is  apparent  that  there  are  no  large 
variations  in  repeatability  with  type  of  repetition  scheme  or  frequency  band.  One 
possible  exception  to  this  is  the  highest  frequencies  in  column  (4),  for  vAiich  the 
microphones  were  re-positioned  in  free  space.  It  is  to  be  expected  that  the 
accuracy  of  microphone  positioning  is  more  critical  for  measurement  of  the  highest 
frequencies,  and  a  trend  substantiating  this  is  indicated  in  column  (4).  The 
increase  in  the  standard  deviation  with  frequency  in  column  (5)  reflects  the 
increasing  difficulty  of  obtaining  accurate  microphone  calibrations  at  these  fre¬ 
quencies.  The  data  for  the  150-500  cps  band  are  probably  not  especially  signifi¬ 
cant  because  the  sound  levels  measured  were  in  many  cases  very  close  to  the  back¬ 
ground  noise  of  the  electronics. 
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To  give  added  information  about  the  data  from  which  the  standard  deviations 
were  calculated,  the  differences  in  measurements  which  resulted  in  a  standard  de¬ 
viation  of  0.6  db  at  10  -  20  kcps  for  the  flush-mounted  microphones  will  be  dis¬ 
cussed  as  being  typical.  Of  the  3^  test  points  measured  twice,  15  of  these  were 
measured  l/2  db  lower  on  the  second  test’,  so  the  mode  is  -0.5  db.  The  median  is 
also  -0.5  db,  and  the  mean  value  of  the  differences  is  -.9^  db.  Seventy  percent 
of  the  values  obtained  on  the  second  test  were  within  ^  1  db  of  the  values  obtained 
on  the  first  test,  and  97^  were  within  -  2  db. 
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VI 


CONCLUSIONS 


A  model  noise  sotirce  which  is  identical  to  a  full  scale  source  except  in 
linear  dimensions  will  scale  the  near  field  noise  to  a  reasonable  accuracy.  Proper 
model  gas  flow  is  readily  obtained  by  using  the  full  scale  gas  at  full  scale  values 
of  plenum  temperature  and  pressure.  Experimental  support  of  this  conclusion  has 
been  demonstrated  for  a  wide  variety  of  nozzle  exit  conditions,  from  turbojet 
through  rocket  exhausts,  and  whether  in  the  free  field  or  in  the  presence  of  a 
variety  of  objects  which  interfere  wi,th  the  flow,  such  as  shaped  nozzles  and  flame 
deflectors. 

It  has  been  analytically  derived  that  provision  of  full  scale  values  of  the 
Mach  number,  velocity,  and  density  at  the  nozzle  exit  is  an  adequate  criterion  for 
the  model  flow.  This  can  be  provided  through  a  "substitute"  gas  using  a  lower 
temperature  and  appropriately  adjusted  pressure.  \^/hile  this  method  shows  promise, 
adequate  supporting  experimental  data  have  yet  to  be  obtained. 

Aside  from  the  "substitute"  gases,  it  is  sometimes  useful  to  use  fuels  other 
than  the  exact  full  scale  fuel.  If  entirely  different  chemicals  are  used,  the 
plenum  conditions  may  need  to  be  changed  considerably  to  maintain  the  desired  exit 
conditions.  This  will  probably  constitute  a  valid  model  provided  that  the  combus¬ 
tion  is  at  a  simil  ir  location  on  the  stoichiometric  scale.  An  excessive  amount  of 
fuel  will  cause  re-ignition  downstream,  resulting  in  noise  levels  significantly 
higher  than  would  otherwise  be  expected  on  the  basis  of  the  nozzle  exit  conditions 
only. 


The  use  of  cold  air  jets  to  establish  absolute  values  of  a  full  scale  noise 
field  is  considered  not  feasible.  Although  cold  air  jets  can  be  used  to  determine 
differences  in  a  noise  field  due  to  geometrical  changes  such  as  a  repositioning  of 
surfaces  bounding  the  flow,  no  formula  is  available  which  will  assure  that  the 
success  will  be  comparable  to  that  achieved  with  a  properly  scaled  jet. 

The  size  of  the  nozzle  used  does  not  appreciably  influence  the  ability  of  the 
model  to  produce  a  scaled  noise  field.  However,  since  a  smaller  model  produces  a 
higher  frequency  noise  field,  the  accurate  measurement  of  this  noise  field  becomes 
increasingly  difficult  as  the  nozzle  size  is  reduced.  Nozzles  as  small  as  5/8 
inch  dieimeter  have  a  limited  usefulness,  but  in  general  nozzle  diameters  of  1  inch 
and  larger  will  prove  to  be  more  satisfactory. 

The  noise  field  determined  by  transposing  the  field  measured  for  one  jet  to  a 
position  occupied  by  a  second  identical  engine,  and  then  adding  the  two  fields  to¬ 
gether,  will  reasonably  approximate  the  noise  field  produced  by  the  two  engines 
operating  simultaneously.  For  accurate  determination  of  the  noise  field,  direct 
measurement  of  the  pair  of  engines  is  preferable.  The  need  for  providing  each 
engine  increases  as  the  engines  are  placed  closer  together. 

Air  absorption  of  sound  produces  a  small  error  in  the  scaling  of  the  propaga¬ 
tion  of  sound.  With  rare  exceptions  this  error  is  negligible  for  near  field 
measurements,  but  it  becomes  significant  for  many  far  field  measurements  such  as 
those  required  to  determine  power  levels.  A  mathematical  correction  may  be 
readily  determined. 
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.11 

It  can  be  analytically  predicted  when  a  surface  or  other  obstacle. in  the 
noise  field  will  significantly  affect  the  noise  levels  in  that  field.  This  pre¬ 
diction  is  not  sufficiently  accurate  to  evaluate  the  exact  effect;  rather  it 
will  indicate  whether  or  not  it  is  important  to  include  such  surfaces  or  other 
obstacles  in  a  model,  and  whether  vmdesired  surfaces  or  obstacles  which  are  un¬ 
avoidable  near  a  model  will  have  a  significant  effect  on  the  noise  field.  A 
general  conclusion  covering  most  situations  is  that  the  presence  of  a  surface  is 
significant  for  points  in  the  noise  field  vdiich  are  closer  to  the  surface  than  to 
the  source. 

Using  commercially  available  instrumentation,  satisfactory  measurements  of 
scaled  noi-se  fields  can  be  made  when  reasonable  care  is  exercised.  However,  in 
some  cases  it  may  not  be  possible  to  measure  all  of  the  high  frequency  bands.  If 
a  sufficiently  small  microphone  with  high  frequency  capability  were  available, 
measurement  errors  could  be  significantly  reduced. 
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APPENDIX  A 


GAS  PLOW  PARAMETERS,  ACOUSTIC  PO’VER  LEVELS,  AND  SOUND 
PRESSURE  LEVELS  OP  MODEL  JETS  AND  ROCKETS 


TABLE  V 


GAS  FLOW  PARAMETERS  OP  MODELS 


Plenijm 

Reference 

Number 

Gas 

Total 
Temp. (op) 

Exit  Conditions 

Model 

Mach 

No. 

Velocity 

Pt/Sec 

Density 

Lb/Ft3 

1 

Keroaene/Air 

1000 

1.15 

1900 

.055 

J-57 

2 

Cold  Air 

60 

1.15 

1145 

.096 

—  — 

3 

Kerosene/Air 

420 

1.6 

1900 

.066 

— — 

4 

Kerosene/Air 

1070 

1.17 

1990 

.033 

J-79  Mil 

5 

Kerosene/Air 

5040 

1.14 

2920 

.013 

J-79  a/b 

6 

Kerosene/Air 

2800 

1.6 

5720 

.016 

7 

Kerosene/ Air 

2320 

1.6 

5440 

.0195 

—— 

8 

Helitun 

60 

1.6 

3860 

.0195 

____ 

9 

Steam 

450 

1.15 

1900 

.052 

10 

Steam 

250 

1.15 

1680 

.042 

— - 

11 

Kerosene/Air 

670 

1.15 

1680 

.043 

12 

Alcohol-H20/02 

... 

2.8 

7990 

.010 

13 

Alcohol  -H  pO/Op 

— 

2.8 

6850 

.013 

AR-l '' 

14 

Kerosene/Op 

2.85 

_ 

9400 

.0085 

Jwpj  ter^- 

^Calculated  for  fully  expanded  flow 
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*Sound  pressure  lerels  in  db  re  0.0002  miorobar.  '’Plenue  reference  Ho.  1  (see  Table  V).  ^Measured  with  Altec  alerophoDSS 
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